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ABSTRACT 
Gellan gum is a naturally occurring polymer that can crosslink in the presence of 
divalent cations to form biocompatible hydrogels. However, physically crosslinked gellan 
gum hydrogels lose stability under physiological conditions, which substantially limits 
the applications of these hydrogels in vivo. In order to improve the mechanical strength, 
we incorporated methacrylate into gellan gum and chemically crosslinked the hydrogel 
through three polymerization methods: step growth through thiol-ene photoclick 
chemistry, chain growth via photopolymerization, and mixed model in which both 
mechanisms were employed. Methacrylation was confirmed and quantified by proton 
nuclear magnetic resonance (1H NMR) and Fourier transform infrared spectroscopy 
(FTIR). The mechanical property and chemistry of the crosslinked gels were 
systematically explored by varying the reaction conditions. The swelling ratios of the 
hydrogels were correlated with the compression moduli and affected by the addition of 
calcium. In vitro enzymatic degradation rate was found dependent on the degree of 
methacrylation. NIH/3T3 fibroblast cell proliferation and morphology were related to 
substrate stiffness with high stiffness leading generally to higher proliferation. The 
proliferation is further affected by the thiol-ene ratios. We then further modified 
methacrylate Gellan gum with alkane bromide to increase hydrophobicity. Cell 
attachment on resultant hydrogels were assessed and imaged. Cytokine release was also 
measured with comparison to pristine methacrylated Gellan gum based hydrogels. The 
results suggest that a hydrogel platform based on gellan gum can offer versatile chemical 
modifications and tunable mechanical properties for a variety of biomaterials 
applications, such as the wound healing scaffold. 
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CHAPTER 1.    CLICK CHEMISTRY HYDROGELS IN TISSUE ENGINEERING 
APPLICATIONS  
1. Introduction 
Tissue engineering is an evolving field in which the areas of biology, engineering, 
and materials science work symbiotically to develop new scaffolds for treating diseased, 
damaged, or absent tissue. This growing area has been evaluated at $17 billion and is 
expected to reach $56.9 billion by 2019.1 Hydrogels are particularly apt candidates for tissue 
engineered scaffolds owing to their tunable materials properties and their similarity to the 
extracellular matrix (ECM).2 Both synthetic and naturally derived polymers can be used to 
fabricate hydrogels. Commonly used synthetic polymers include poly (ethylene glycol) 
(PEG) and poly (vinyl alcohol) (PVA) while naturally derived polymers can be 
polysaccharide-based (e.g., hyaluronic acid, chitosan, and gellan gum), protein-based (e.g., 
collagen, fibrin, and gelatin), or a combination of proteins and polysaccharides (proteoglycan 
and glycoprotein).2,3 Synthetic polymers are highly plastic, which enables them to be 
processed and sterilize easily due to their resistance to elevated temperatures. The 
degradation rate and mechanical properties of synthetic polymers can be tuned by modifying 
the Flory interaction parameter by changing the repeat unit of the polymer or through 
changing monomer ratios. Crosslinking density is another engineering knob that can be 
adjusted to alter hydrogel physical properties.4,5 Degradation byproducts of synthetic 
polymers are typically acidic and can lead to secondary acute inflammation.6 Naturally 
derived polymers, on the other hand, provide adhesive surfaces for cell attachment and their 
degradation products are generally non-toxic, but are limited by poor mechanical 
performance and accelerated degradation.3  
 
2 
Hydrogels can be crosslinked through chemical bonds; permanent or temporary 
physical entanglements; or secondary interactions, such as hydrogen bonds.2 Covalent 
crosslinks are generally stable in physiological environments.7 Changing the ratios of 
reactants in synthetic hydrogels enables tunable mechanical properties.8 However, toxic 
chemicals used in fabricating these hydrogels can reduce their biocompatibility.2 Physically 
crosslinked hydrogels exhibit reversible sol-gel transitions. These hydrogels are often 
sensitive to temperature or ion concentration. For thermally sensitive hydrogels, hydrogen 
bonds are broken at elevated temperatures, which leads to a phase transition. Under 
physiological conditions, monovalent ions can replace the stronger multivalent ionic 
interactions, resulting in a loss of stability.7 As a result, the diversity of chemical and 
physical properties of chemically crosslinked hydrogels meet the requirements of tissue 
scaffolds, such as appropriate cellular response, structural integrity, biodegradability, 
biocompatibility, and solute transport.2 
Several chemical crosslinking methods have been developed for the purpose of 
fabricating hydrogels for tissue engineering. Herein we describe mechanisms, features, and 
current applications of four click based crosslinking methods, and provide insight on 
synthetic and natural polymer hydrogels fabricated using click chemistry. 
2. Hydrogel crosslinking mechanisms 
As mentioned in previous section, physically crosslinked hydrogels lose their stability 
in physiological conditions while chemical crosslinking provides broad control over resultant 
hydrogel properties. In addition to designing hydrogel physical and chemical properties, their 
gelation point or crosslinking time is crucial in their fabrication. Hydrogels fabricated in situ 
must be rapidly formed to minimize surgical invasion,9 to adapt to complicated defect sites,10 
and to be injected at the desired site.11  
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2.1. Click chemistry crosslinking 
Click chemistry is a class of reactions first described by Sharpless that are able to 
rapidly fabricate hydrogels.12 His group defined a stringent set of criteria for classifying a 
process as a click reaction. Click reactions must be “modular, wide in scope, give very high 
yields, generate only inoffensive byproducts that can be removed by nonchromatographic 
methods, and be stereospecific.”13 Click reactions have a high thermodynamic driving force 
(>20 kcal/mol), which enables these reactions to proceed rapidly to completion with high 
selectivity.13 These features make click reactions ideally suited for biological applications.12 
The following sections will discuss three methods of crosslinking hydrogels using click 
chemistry: Diels-Alder reaction, azide and alkyne cycloaddition, and thiol-ene reactions. 
Along with photoinitiated chain growth polymerization, which also proceeds rapidly. (Table 
1 and Figure 1) 
 
Figure 1. Crosslinking mechanism of representative functional groups (A) Diels-Alder 
reaction, (B) CuAAC and SPAAC reaction, (C) Photoinitiated chain growth and (D) Thiol-
ene
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Table 1. Summary of crosslinking mechanisms and properties 
Crosslinking 
mechanism 
Category Initiation Functional groups conjugates Advantages Disadvantages 
Diels-Alder 
Click chemistry Simple mixing Diene+alkene 
e.g. furan and maleimide 
 No coupling agent or 
catalyst14 
 Thermally reversible15 
 Easy to incorporate drugs 
into network12 
 Long gelation time (1.5-24h)16 
 Inability to be injected in vivo17 
 Poor solubility of functional 
groups 
Azide-alkyne 
cycloaddition Click chemistry 
Cu(I) catalyzed 
(CuAAC) Azide+alkyne 
e.g. azide and alkyne end group 
 Shortened gelation time  
 injectable18 
For CuAAC reactions 
 Copper is cytotoxic19 
 Poor diffusion of copper causes 
heterogeneity in hydrogel 
structure20 
For all AAC reactions 
 Spatial and temporal control of 
hydrogel formation is not 
achievable 
 Gelation time is relatively long 
for cell encapsulation 
ring strain promoted 
(SPAAC) 
Azide+alkyne ring 
e.g. azide and cyclooctyne 
 No cytotoxic metal catalyst 
 Shortened gelling point  
 Injectable19 
Thiol-ene 
chemistry Click chemistry Free-radicals Alkene+thiol 
e.g. methacrylate group and 
dithiothreitol 
 Rapid reaction rate21 
 Spatial and temporal control 
of gel formation22 
 Insensitivity to oxygen23 
 Radicals in initiation step are 
toxic to encapsulated cells2224 
 Thiyl radicals are insufficient to 
initiate polymerization, need 
addition of small molecule 
(NVP) to accelerate25 
Photoinitiated 
chain growth 
polymerization 
Free radical 
polymerization 
Free-radicals Alkene 
e.g. methacrylate  
 Rapid kinetics 
 Spatial and temporal control 
of gel formation26 
 Reduced biocompatibility when 
using UV sensitive initiator24 
 Inhibited by oxygen26 
 Produce highly heterogeneous 
network27 
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2.1.1. Diels-Alder reaction 
Diels-Alder cycloaddition is a click reaction in which a diene is conjugated to a 
substituted alkene without the addition of a catalyst.28,29 This reaction is widely used in 
biomedical applications.29 Under aqueous condition Diels-Alder chemistry can be used to 
fabricate hydrogels for tissue engineering applications due to its site-specific and efficient 
reactivity, biocompatibility, and irreversibility at body temperature.30  
The gelation time of Diels-Alder reactions can be influenced by pH. The most 
commonly used diene and substituted alkene for synthesizing hydrogels via Diels-Alder 
reaction are furan and maleimide.31–34 Hydrogels formed using furan and maleimide 
functionalized 8-armed PEG exhibited an increase in gelation time when pH was increased 
(87.8 min at pH 3 and 97.2 min at pH 7.4). This trend discontinued when the pH was 
increased above 7.4, which enhances hydrolysis of the maleimide group and prevents 
gelation.35 These relatively long gelation times precludes using these gels in an injectable 
format.17 To address this problem, changing the ratios of furan and maleimide30,36 and using 
enzymatic crosslinking17 were employed. Enzymatic crosslinking involves a two-step 
synthetic method. The first step involved mixing a furan-grafted hyaluronic acid (HA) that 
was further functionalized by tyramine with maleimide-functionalized PEG and hydrogen 
peroxide/horse radish peroxidase to trigger enzymatic crosslinking within 350 seconds. The 
second step was the Diels-Alder reaction, which was completed over the following 24 h. 
Cytocompatibility of the HA/PEG hydrogel was tested on mouse embryonic carcinoma-
derived clonal cell line ATD5. Encapsulated cells remained viable after 7 days in culture.17 
The same group optimized the gelation time by varying the degree of furan substitution and 
using different molar ratios of furan:maleimide. A high degree of HA functionalization with 
6 
 
furan (75.9  5.4%) and an equimolar furan:maleimide ratio yielded the shortest gelation 
time at 37C (51 min).36  
The mechanical properties of Diels-Alder hydrogels can be adjusted by forming 
interpenetrating networks and changing the molar ratios of the diene and alkene.3,33 Furan-
functionalized HA and gelatin were mixed, then reacted with maleimide-terminated PEG to 
form a pre-hydrogel. Subsequent conjugation with chondroitin through EDC/NHS amidation 
resulted in a triple component interpenetrating hydrogel with a higher compression modulus 
(2.2 kPa at furan:maleimide 5:1) than the two component pre-hydrogel (1.3 kPa at 
furan:maleimide 5:1). The molar ratio of furan:maleimide was also influential on the 
hydrogel compression modulus. Lower furan to maleimide ratio yielded a stiffer final 
hydrogel (2.2 kPa at furan:maleimide 5:1 and 1.6 kPa furan:maleimide 10:1).3 In another 
study, furan and HA functionalized with a similar amount of maleimide were mixed at 
different volume ratios and crosslinked through Diels-Alder chemistry. The compressive 
moduli of resultant hydrogels were dependent on the volume ratios of furan and maleimide 
modified HA. The highest modulus was ~20 kPa when furan to maleimide was 1:2. No 
statistical difference was observed for 2:1 and 1:1 furan:maleimide ratios hydrogels (all 
around 12-14 kPa).30 
The advantage of Diels-Alder reaction in crosslinking hydrogels for tissue 
engineering application is its elimination of coupling agent or catalyst, which may introduce 
cytotoxic small molecules.32 In addition to the site-specific crosslinking and the thermal 
reversibility of this reaction, drugs can be incorporated into the hydrogel network for 
sustained release.12,30,37 The main obstacles of using Diels-Alder chemistry to fabricate 
hydrogels are the long gelation time, inability to be injected in vivo,17 and poor solubility of 
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the functional groups.38 These draw backs restrict application of the Diels-Alder reaction 
under physiological conditions.38 In order to address this issue, a more efficient crosslinking 
mechanism, azide-alkyne cycloaddition, was used to fabricate hydrogels in tissue engineering 
applications.  
2.1.2. Azide and alkyne cycloaddition 
Azide-alkyne cycloaddition (AAC), which produces 1, 2, 3-triazoles, is an effective 
approach for preparing well defined polymer networks due to the high chemical potential 
energy of the reaction. The resulting polymer is stable in the presence of common solvents 
and its biorthogonal nature renders it biologically inert.39,40 One of the drawbacks of azide-
alkyne cycloaddition is that its relatively high activation barrier necessitates prolonged 
heating for unactivated alkynes.41 Copper (I) or ruthenium (II) catalyst can make the alkynes 
electron deficient, which can accelerate the low reaction rate. Since Ru-catalyzed azide-
alkyne cycloaddition (RuAAC) is more sensitive to solvents than copper-catalyzed 
cycloaddition (CuAAC), the latter is more commonly used.41 Sun et al. used tetrakis (2-
propynyloxymethyl) methane as tetra-alkyne crosslinker and PEG-diazide modified with the 
photosensitive moiety spiropyran to synthesize stiff (49.8 MPa break stress under 
compression in 70% water content) hydrogels. The gelation point was reached within 80 
seconds and was continued for another 24 h to ensure complete conversion.42  
The fast reaction rate of CuAAC results in rapid increases in regional viscosity and 
restricts diffusion of copper (I) into unreacted regions, which results in inhomogeneous 
hydrogel networks. This issue was solved through in situ reduction of copper (II).39,43 A 
copper (II) containing precursor solution was homogeneously mixed with the thermal 
initiator azobisisobutyronitrile (AIBN), which decomposes at 65C and reduces copper (II) to 
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copper (I). The reaction proceeded for 24 h and unreacted azide and alkyne groups were not 
detected using FTIR spectroscopy throughout the gel cylinder. Fabricating the more 
homogeneous hydrogel also improved the mechanical properties. The 70% water content gels 
had a higher break stress of 60.5 MPa under compression compared with 1.28 and 1.17 MPa 
for gels fabricated using traditional CuSO4/NaSac CuAAC and CuBr/N, N, N’, N’’, N’’-
pentamethyldiethylenetriamine CuAAC, in which the catalyst was poorly dispersed.39 Cell 
viability of HL-7702 human liver cells cultured on these hydrogels for 24 h was found to 
exceed 90%.39  
Relatively high activation temperatures and long gelation times pose potential barriers 
for in situ fabrication of tissue scaffolds using CuAAC. Photoinitiated copper (II) reduction is 
a promising way to provide temporal and spatial control of CuAAC hydrogel formation.43,44 
The visible light photoinitiator Irgacure 819 was used to trigger the reduction of the CuCl2/ 
N, N, N′, N′′, N′′-pentamethyldiethylenetriamine complex to polymerize resin. This method 
resulted in 70% monomer conversion after 95 minutes of irradiation.44 Anseth and coworkers 
used Irgacure 2959 to reduce copper (II) in situ and trigger CuAAC conjugation to synthesize 
PEG hydrogels functionalized with azide and alkyne. These hydrogels were formed within 4 
minutes, as determined by rheology.43 This method can be used to pattern hydrogels. Azide 
functionalized fluorescent molecules were conjugated to the free alkyne on the hydrogels. 
Patterns were formed 50 s after UV irradiation.43 
In addition to synthetic challenges, copper is cytotoxic and increasing copper 
concentration decreases cell viability.39 As such, metal-free azide-alkyne cycloaddition was 
developed to improve the biocompatibility of resultant hydrogels. Strain promoted azide-
alkyne cycloaddition (SPAAC) is a promising method which uses ring strain to open the 
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carbon-carbon triple bond rather than a metal catalyst.10,11,19,45–60 Among those strain bearing 
alkyne rings, 4-dibenzocyclooctynol,10,48,51,53,55,59,60 oxanorbornadiene,19 and 
cyclooctyne,11,45–47,49,52,56–58,61,62 are most commonly used due to their optimized synthesis 
and grafting procedure11,59. Synthetic polymer based SPAAC hydrogels can be fabricated by 
mixing 4-dibenzocyclooctynol modified PEG and glycerol exytholate triazide. The gel point 
was reached within 5 minutes through gentle mixing and an equilibrium storage modulus was 
reached after 2.5 h.10 Naturally derived polymers have also been crosslinked using SPAAC. 
By reacting azide functionalized HA and oxanorbornadiene grafted chitosan at equimolar 
oxanorbornadiene:azide ratios, hydrogels were formed in 23 minutes and the resultant gel 
had a higher compressive modulus than other oxanorbornadiene:azide ratios (41 kPa at 2% 
w/v polymer at equimolar ratio and 6 kPa at oxanorbornenadiene:azide 9:1 molar ratio).19 
Cytocompatibility of equimolar SPAAC hydrogel was verified by in situ injection and gel 
formation in Balb/c mice. No significant inflammatory reactions were observed over 7 
days.19.  
While gelation time of hydrogel fabricated through AAC reaction is shortened when 
compared to Diels-Alder reaction, spatial and temporal control of hydrogel formation is not 
achievable under this mechanism. Once the reagents in a AAC reaction spatially approach 
one another, the reaction is triggered.63 Spatial and temporal control enables initiation of a 
reaction on demand, which is critical when materials must be prepared after mixing of 
components but before a reactions occurs.64 Moreover, hydrogels used for tissue engineering 
applications are oftentimes required to be fabricated with controlled shape and size and even 
more rapid gelation kinetics such that encapsulated cell remain viable during this process.2665 
Photo-initiated crosslinking of hydrogels was subsequently developed to provide control over 
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when and where hydrogel crosslink. With the use of a photoinitiator, gelation reaction can be 
triggered immediately by light and completed within minutes.25 
2.1.3. Chain growth mechanism 
Chain growth polymerized hydrogels represent a class of hydrogels that are 
crosslinked via free radical polymerization of vinyl groups. When initiated by a 
photoinitiator, chain growth has several advantages over the above discussed AAC reaction 
in fabricating hydrogels. First, chain growth polymerization allows spatiotemporal control of 
gelation kinetics and more rapid encapsulation of cells, which imparts minimal damage to the 
cells.66–68 Second, gelation time of photo crosslinked hydrogels ranges from seconds to a few 
minutes at physiological temperatures and has a low activation energy.69 These features make 
chain growth crosslinking a viable method for fabricating hydrogels for use in tissue 
engineering applications.66 
Naturally derived polymers resemble the ECM in terms of chemical versatility, 
controlled degradability, and biocompatibility, all of which make these polymers suitable 
tissue engineering scaffolds.70 Among these, kappa-carrageenan,70 chitosan,66,68,69,71 
gelatin,67,72 gellan gum,73 fucoidan74, laminarin,75 chitin,76 alginate,77 and hyaluronic acid65 
have been successfully grafted with carbon-carbon double bond bearing moieties and have 
formed hydrogels via photocrosslinking. (Table 2) Kappa carrageenan has been grafted with 
methacrylate groups by reacting with methacrylic anhydride Hydrogels were subsequently 
fabricated by exposure to UV light for 40 s using Irgacure 2959 as the photoinitiator. 
Resultant hydrogels exhibited high swelling ratios (~65 in Dulbecco’s phosphate buffered 
saline and ~75 in cell culture medium). Encapsulated NIH/3T3 cells in these gels showed 
high viability for long time periods of up to 21 days.70 Gellan gum can be methacrylated in a 
similar fashion and hydrogels were photocrosslinked using methyl benzoylformate as the 
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photoinitiator. In this method, hydrogels were formed within 6 minutes. Encapsulated L929 
fibroblasts dispersed evenly throughout the gels remained viable for up to 21 days.73 
However, UV exposure may pose potential cell damage and reduce biocompatibility of the 
resultant hydrogels. This issue was solved by substituting UV sensitive initiators with a redox 
initiation system. Glycidyl methacrylated alginate was crosslinked via a persulfate-N’, N’, 
N’, N’-tetramethylethylenediamine redox system. The resultant hydrogels were fabricated at 
body temperature within 20 minutes. Encapsulated human umbilical vein endothelial cells 
(HUVEC) showed over 80% cell viability after 48 h of incubation.77 
The mechanical properties of hydrogels crosslinked through chain growth 
polymerization can be tuned through the incorporation of a secondary network. 
Copolymerizing natural polymers with either other type natural polymers, 65,67,78,79 or with 
synthetic polymer networks66,68,72 can introduce interpenetrating networks to the system. For 
example, PEG-diacrylate (PEGDA) and methacrylated gelatin were used to fabricate a 
composite hydrogel. Increasing the PEGDA content increased hydrogel stiffness and stability 
in 2.5 U/ml collagenase.72 When gelatin content was fixed at 10%, increasing PEG content 
from 5% to 10% increased compressive modulus from ~0.02 MPa to 0.04 MPa. Hydrogels 
completely degraded within 24 h for 5% PEG but remained at ~50% weight for 10% PEG 
hydrogels.80 In addition to natural and synthetic composite polymers, double network 
hydrogels can be fabricated with two naturally derived polymers. Gelatin and gellan gum 
were methacrylated through using methacrylic anhydride and formed a double network 
hydrogel. This double network hydrogel was much stiffer than the single network hydrogel 
(~110 kPa for double network hydrogel, ~50 kPa for gelatin only, and ~10 kPa for gellan 
gum only hydrogel) .81 
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Unfortunately, classical photopolymerization is plagued by several critical problems: 
inhibition by oxygen; complicated volume relaxation and stress development; complex 
polymerization kinetics; and the formation of highly heterogeneous polymers/networks.82,83 
These drawbacks restrict fabrication and precise control over the properties of chain growth 
hydrogels. Many of these drawbacks can be overcome using thiol-ene click chemistry. 
2.1.4. Thiol-ene chemistry 
Thiol-ene chemistry refers to a radical mediated reaction between thiol and alkene 
groups. This class of reaction has several attributes: high reaction yield, rapid reaction rate, 
low concentration of initiator required for the initiation step, insensitivity to oxygen or water, 
biocompatibility, and orthogonal polymeric network formation.82,86–88 The mechanism for 
this reaction is a combination of step growth and chain growth polymerizations. Radicals are 
first generated by the initiator, which abstracts protons from the thiol groups to form thiyl 
radicals. This thiyl radical activates the carbon-carbon double bond by forming a carbon 
based radical. The carbon based radical can either undergo a chain transfer reaction with 
another thiol group to generate a new thiyl radical or propagate through carbon-carbon 
double bonds.89 By using multi-functionalized thiol molecules as the crosslinker, carbon-
carbon double bond bearing molecules can be covalently linked. 
  
1
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Table 2. Summary of naturally derived polymer based hydrogels crosslinked through click chemistry orchain growth 
polymerization 
 
 
Natural 
polymers 
Origin Modification methods Initiation Cytocompatibility 
-carrageenan Seaweed Methacrylic acid, substitute hydroxyl groups Irgacure2959, UV Encapsulated hMSC, 21d, 75% viable70 
Chitosan Chitin shells of 
crustaceans 
Maleic anhydride, substitute amino groups Irgacure2959, UV BAEC cells seeded on top, 24h, most 
cells were viable84 
Glycidyl methacrylate, substitute amino 
groups 
Irgacure2959, UV Chondrocyte seeded on top, 7d, most 
cells were viable71 
Gelatin Denatured 
collagen 
Methacrylic anhydride, substitute amino 
groups 
 
Irgacure2959, UV 
 
NHDF with hydrogels, 24 or 72h, >80% 
viable84 
Encapsulated NIH/3T3, 6 or 48h, >80% 
viable80 
Gellan gum Sphingomonas 
elodea 
Methacrylic anhydride, substitute hydroxyl 
groups 
Methyl benzoylformate, UV Encapsulated L929, 21d, viable and 
maintain round shape73 
Fucoidan Brown algae Methacrylic anhydride, substitute hydroxyl 
groups 
Eosin-Y, visible light L929 cells seeded on surface, 7d, 
spindle shape74 
Laminarin Brown algae Glycidyl methacrylate, substitute hydroxyl 
groups 
Irgacure2959, UV Encapsulated human adipose stem cells, 
7d, >90%85 
Chitin Cell walls of 
fungi,  
exoskeletons 
Sodium monochloroacetate, methacrylic 
anhydride, substitute hydroxyl groups 
Irgacure2959, UV HeLa cells seeded at bottom of 
hydrogel, 48h, similar continuous 
proliferation with control76 
Alginate Brown algae Glycidyl methacrylate, substitute hydroxyl 
groups 
Ammomium 
persulfate/tetraethylethylenediamine, 
60℃ 
Encapsulated human endothelial cells, 
96h,~80%77 
Hyaluronic 
acid 
ECM Methacrlate anhydride, substitute hydroxyl 
groups 
Irgacure2959, UV Encapsulated human endothelial cells, 
7d65 
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Photoinitiators are a commonly used source of radicals due to their facile control of 
both step-growth kinetics and termination of reaction by modulating light irradiation.86 
Lithium acylphophinate (LAP) and 2-hydroxy-4-(2-hydroxyethoxy) -2-methylpropiophenone 
(Irgacure 2959) are widely used cleavable (type I) photoinitiators for thiol-ene 
reactions.87,88,90–95 LAP results in more rapid polymerization than Irgacure 2959.87 This type 
of photoinitiator splits to form radicals under long wavelength UV irradiation (λ = 365 nm, 
10 mW cm-2).93 However, as mentioned previously, UV light and radicals generated by the 
cleavable initiator may cause cellular damage.91,96  
Visible light sensitive, non-cleavable photoinitiators (type II) were developed to 
mitigate the cellular damage caused by UV light. Eosin-Y and rose Bengal are commonly 
used visible light photoinitiators which abstract protons from amine-bearing co-initiators 
(e.g. triethanolamine, TEA) or dithiothreitol directly to generate radicals. Those radicals react 
with thiol groups to produce thiyl radicals.25,97 However, thiyl radicals might have 
insufficient reactivity to initiate polymerization, or they may not propagate quickly enough 
for crosslinking.25 N-vinylpyrrolidone (NVP) was introduced to accelerate gelation kinetics 
and to adjust the stiffness of hydrogels.25 Chien-Chi Lin and coworkers demonstrated that by 
adding 0.1% vol NVP, the gelation point decreased from 431 s in the absence of NVP to 231 
s. Increasing the concentration of NVP to 1% vol further dropped the gelation time to 92 s.25 
The same group compared the effects of the type I photoinitiator LAP with the type II eosin-
Y on hydrogel formation and cell response. Less Eosin-Y was required (0.1 mM) compared 
to LAP (4.0 mM) in order to fabricate hydrogels with similar shear moduli (15 kPa at 8% 
polymer content) using norbornene modified gelatin and thiol terminated 4 arm PEG.91  
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Control over crosslinking density of thiol-ene hydrogels can be done not only by 
changing polymer content,87,88,98 but also by adjusting the thiol-ene ratio.91,92,96,99,100 
Increasing polymer content directly enhances hydrogel crosslinking while the thiol-ene ratio 
has a non-linear relationship with hydrogel crosslinking density. A parabolic relationship was 
found between bifunctional thiol concentration in precursor solution and resultant hydrogel 
shear moduli for PEGDA hydrogels.92 (Figure 2A and B) The initial increase in thiol content 
increased the thiyl radical concentration and promoted gelation. Further increases to the 
dithiol crosslinker concentration resulted in increased chain transfer and terminated 
homopolymerization.92 When vinyl groups were grafted on the polymer but were not able to 
homopolymerize, the thiol-ene ratio still exhibited a parabolic relationship with crosslinking 
density.100 (Figure 2C and D) This relationship was observed for norbornene, a special 
carbon-carbon double bond that is not able to homopolymerize due to steric hindrance, was 
grafted onto HA.100 Non-ideal crosslinking such as the formation of loops and dangling 
structures resulting in optimal crosslinking at a thiol-ene ratio at 0.6 – 0.8, which is lower 
than the anticipated maximum of equimolar.100,101 (Figure 3) 
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Figure 2. Effect of PEGDA molecular weight and bi-functional thiol content on equilibrium 
shear moduli. PEGDA macromers were used at: (A) 10 wt% and (B) 15 wt %. All hydrogels 
were formed with 0.1 M eosin-Y and 0.1% NVP and with 5 min of visible light exposure. 
Nonlinear curve fitting was conducted using parabolic relationships as a function of 
bifunctional thiol content. Reprinted with permission of Wiley.92 (C) Compressive modulus 
(Ec) as a function of XDTT (NorHA weight percent of 4%, irradiation time of 45 min) (D) Ec 
as a function of XDTT at an irradiation time of 30 x and NorHA weight percent of 4%. The 
precursor solutions for C and D contained 0.05 wt% I2959 and were irradiated at 10 mW/cm2 
of UV light. The error bars in C and D are one standard deviation (n  3). Reprinted with 
permission from Gramlick, Kim, Burdick, Click chemistry hydrogels in tissue engineering 
applications, 9803, 2013, 100 with permission from Elsevier. 
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Figure 3. Illustration of defects in dithiol crosslinking and effect of excessive thiol during 
thiol-ene reaction. Adapted with permission from 101. Copyright 2006 American Chemical 
Society.  
Thiol-yne chemistry is similar to thiol-ene chemistry in which thiol groups react with 
carbon-carbon triple bonds,102,103 thus increasing functionality and crosslinking density.88 
Daniele et al. created an interpenetrating network hydrogel by coupling a thiol-yne 
crosslinked PEG network and a methacrylated gelatin network.88 The resultant hydrogel 
exhibited an increased elastic modulus (327.7 kPa) compared to hydrogels crosslinked with 
thiol-ene chemistry (247.2 kPa).88 The extra functionality of –yne over –ene means that 
additional functional groups can be incorporated into the hydrogels.104 Hyper-branched poly 
(ether amine) functionalized with alkyne was crosslinked with thiol-containing polyhedral 
oligomeric silsesquioxane under UV light with I907 as the photoinitiator.104 By maintaining 
excess alkyne compared to thiol, azide containing fluorescent molecules were conjugated to 
hydrogel through CuAAC chemistry.104 The electron density of carbon-carbon triple bonds 
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compared with double bonds enables thiol-yne reaction to be engaged without UV light and 
metal catalysts under mild conditions. Tetra alkyne and tetra thiol functionalized PEG was 
reported to form an organogel in the presence of trimethylamine at 80℃.105 When the alkyne 
to thiol ratio was 1:3 the shear modulus was 27000 kPa at 100 rad/s.105 
3. Click chemistry hydrogels 
Click chemistry provides a facile way to fabricate hydrogels used in biomedical 
applications and offers a spatiotemporal control over network evolution.87 Hydrogels 
crosslinked through click chemistry can be classified according to the origin of the polymer 
network, as either synthetic, natural polymer based hydrogels, or a combination of the two, 
termed hybrid hydrogels. As stated above, synthetic polymers are more amenable to 
sterilization and fabrication but lack cell binding motifs. Natural polymers are generally more 
cytocompatible than synthetic polymers, but generally have poorer mechanical properties.4 
The following sections will discuss properties and applications of click chemistry hydrogels 
from a materials selection perspective. 
3.1. Synthetic polymer based hydrogels 
Synthetic polymers are generally less biocompatible when compared to natural 
derived polymers,4 as toxic chemicals and harsh synthetic chemistry are generally involved 
in fabricating synthetic hydrogels.106,107 This requires careful elimination of contaminants 
and unreacted regents present during synthesis.107 Synthetic polymers are easier to produce in 
large scales, with highly tunable and consistent properties. Moreover, synthetic polymers are 
more resilient to increased temperature and can be more easily sterilized.4 These features 
mean that synthetic polymers are more amenable to chemical modification.107 Herein, we 
describe methods to fabricate synthetic hydrogels and strategies to modulate resultant 
hydrogel mechanical properties as well as approaches to increase biocompatibility. (Table 3)  
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3.1.1. PEG 
PEG and its multi-armed derivatives are commercially available hydrophilic 
polymers with low toxicity and highly controllable chemical and mechanical properties.93 
Terminal hydroxyl groups on PEG can be easily functionalized with a variety of carbon-
carbon double bond bearing moieties and subsequently crosslinked to form 
hydrogels.25,88,93,108,109 Norbornene, acrylate, methacrylate, and acrylamide are widely used to 
provide vinyl groups for thiol-ene crosslinking using multi-thiol crosslinkers.25 Gelation 
kinetics of tetra-armed PEG terminated with acrylate, acrylamide, and methacrylate under the 
same crosslinking conditions have shown that acrylate terminated tetra-armed PEG had the 
fastest gelation point at 92  11 s while the methacrylate terminated tetra-armed PEG had the 
slowest gelation at 275  11 s.25 
PEG contains no biological motifs for cell or protein recognition and typically 
requires the introduction of peptides to become bioactive. Alternatively, hybrid hydrogels of 
PEG and naturally derived polymers can introduce cell adhesion motifs.97,108 PEGDA was 
grafted to gelatin and L-cysteine, which contains a thiol moiety. Hydrogels were then 
fabricated using thiol-ene chemistry.93 NHDF fibroblast cells seeded on these hydrogels 
exhibited enhanced attachment with increasing gelatin content.93 In another study, Anseth 
and coworkers crosslinked tetra-norbornene terminated PEG with a chymotrypsin-degradable 
peptide through thiol-ene chemistry to form hydrogels with equimolar thiol-ene ratio. 
Encapsulated hMSCs showed 95% cell viability 24 h post polymerization and cells 
encapsulated in the hydrogel were able to spread.87 
In addition to increasing cytocompatibility, the mechanical properties of PEG based 
thiol-ene hydrogels can be engineered by forming hybrid hydrogels.54,84,110–113 PEGDA was 
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copolymerized with maleic functionalized chitosan and gelled through photocrosslinking 
using Irgacure 2959 as the initiator.84 The compression moduli of the resultant hydrogels 
were found to increase with increasing PEGDA mass ratio to chitosan.84 The highest 
compression modulus was 560.4  18.1 kPa at PEGDA to chitosan 5:1 and lowest was 61  
1.9 kPa when PEGDA:chitosan was 2:1.84 In addition to photocrosslinking, SPAAC has also 
been used in fabricating PEG-based hybrid hydrogels.54 Propiolic acid ester-functionalized 
PEG and azide functionalized chitosan were mixed to form hydrogels at alkyne to azide ratio 
of 1:2.54 The shear modulus of the gel was 44.2  1.2 kPa, which was higher than the 
reported chitosan/glycerol phosphate system (5 kPa).54 Diels-Alder reactions can provide an 
additional method for synthesizing PEG-based hybrid hydrogels. Furan functionalized HA 
and maleimide terminated PEG were mixed at variable furan to maleimide ratios from 1:1 to 
9:1.113 The compression moduli of the gels decreased with increasing furan to maleimide 
ratio.113 The highest compression modulus was 75 kPa for equimolar furan:maleimide gels 
and the lowest modulus was 15 kPa for furan:maleimide 9:1.113 
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Table 3 Summary of synthetic polymer based hydrogels crosslinked through click chemistry or chain growth polymerization 
Syntheti
c 
polymer
s 
Crosslinking 
mechanism 
Modification method Crosslinker  Biocompatibility 
PEG 
Diels-Alder 
bis-maleimide functionalized furan modified HA 
Human epithelial cells(MDA-MB-231), on top, 14d, 98% 
viability32 
alanine and maleimide, 
maleimide functionalized 
furfurylamine grafted 
chondrotin sulfate 
Rabbit mesenchymal stem cells, on top, 24h, >80% viability114 
maleimide functionalized 
furylamine and tyramine 
substituted HA 
Mouse embryonic carcinoma clonal cells (ATDC-5), 
encapsulated, 7d, proliferate and viable115 
azide-alkyne 
C
u
A
A
C 
sodium azide, azide 
functionalized 
Tetrakis (2-
propynyloxymethyl) 
methane 
Pig subcutaneous implantation, 2w, no obvious inflammation in 
surrounding tissue42 
diazide functionalized 
Tetrakis (2-
propynyloxymethyl) 
methane 
HL-7702 cells, in gel treated media, 24h, 90% viability39 
S
P
A
A
C 
 propiolic acid, 3 arm azide 
functinalized 
azide functionalized 
chitosan 
Human bone marrow mesenchymal stem cells, encapsulated, 
24h, 95% viability54 
 2-((2-(cyclooct-2-
ynyloxy)ethoxy)methyl)oxirane, 
cyclooctyne functinalized 
azide functionalized PEG 
Rat subcutaneous injection,3d, macrophage disappeared and scar 
emerged56 
chain growth 
diacrylate PEG N-acryloyl glycinamide 
MDA-MB-231 cells, encapsulated, 5d, similar viability to those 
cultured in collagen matrix116 
diacrylate PEG 
maleic functionalized 
chitosan 
Bovine aortic endothelial cells (BAEC), on top, 24h, mostly 
viable visually84 
thiol-ene 
5-norbornene-2-carboxylic acid, 
tetranorbornene terminated PEG 
dithiol functionalized PEG Chondrocytes, encapsulated, 24h, mostly viable visually117 
Norbornene anhydride, 4 arm 
norbornene terminated PEG 
cysteine peptide (thiol 
bearing peptide) 
MIN-6 cells, encapsulated, 16h, 93% viability118 
PVA 
thiol-ene 
norbornene functionalized PVA, 
thiol functionalized PVA 
functionalized PVAs L929 cells, PVA treated media, 30min, ~80%119 
azide-alkyne 
azide-modified PVA and alkyne-
modified PVA 
modified PVAs Not conducted120 
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3.1.2. PVA 
Poly (vinyl alcohol) (PVA) is a water soluble synthetic polymer derived from 
alcoholysis of poly (vinyl acetate). PVA is non-toxic with LD50 (oral, rat) values between 10 
and 215 g/kg.121 PVA can be modified through its secondary hydroxyl groups, increasing its 
chemical diversity.121 Crosslinking PVA can be done physically through repeated freeze-and-
thaw cycles or chemically either through direct crosslinking of hydroxyl groups or 
incorporation of polymerizable moieties.121 Grafting PVA with allyl- and norbornene-based 
carbon-carbon double bond moieties and crosslinking with DTT is one way of chemically 
fabricating PVA hydrogels. Modified PVA hydrogels can be crosslinked using Irgacure 2959 
as the photoinitiator. A kinetic study showed that using 60 mol % thiol resulted in the highest 
crosslinking density, 40 mol % thiol had highest photoreactivity, and 80 mol % thiol had the 
lowest gelation time.121 PVA grafted with allylic double bonds had higher reactivity at low to 
medium macromer content (<5 wt-%) while at higher macromer content (10-15 wt-%) 
norbornene-modified PVA was more reactive, demonstrating again that the ratio of thiol to 
vinyl groups is an important optimization parameter in thiol-ene reactions.121 Other than 
thiol-ene reactions, PVA-based hydrogel can also be crosslinked through CuAAC reaction.120 
Azide-functionalized and alkyne-functionalized PVA were reported to crosslink with copper 
(I) as a catalyst within 1 min in either DMSO or aqueous media. The shear moduli were 
adjusted by changing functional group concentration with highest 16.9 kPa at 29.2 mM and 
lowest 3.4 kPa at 14.4 mM120 
PVA can be used to tune the mechanical properties of naturally derived hydrogels due 
to its high mechanical strength.122 PVA and starch modified with carbon-carbon double 
bonds were synthesized using maleic anhydride. Hydrogels were then formed using hydrogen 
sulfide as the crosslinker. The crosslinking density could be tuned by adjusting the molecular 
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weight of PVA. By increasing the intrinsic viscosity of PVA from 1.99 to 2.99 dL/g, the 
storage modulus increased from 12.7 to 50.9 MPa and the swelling ratio decreased from ~10 
to ~5.122 In another study, PVA and chitosan were crosslinked by adding acrylic acid (AA). 
The chain growth hydrogel was initiated by UV light (250-420 nm wavelength) without 
initiator. The hydrogel swelling behavior, which is indictor of crosslinking density, showed a 
parabolic trend with increasing PVA/chitosan to AA ratio.123 The swelling ratio initially 
decreased with increasing AA content, with further increasing AA content leading to higher 
swelling ratios, the range was from ~100 to ~200.123 The highest crosslinking density was 
observed when PVA/chitosan functional groups were in equality with AA functional 
group.123 
3.2. Natural polymer based hydrogels 
Natural polymers are derived from living sources and can range from bioactive to 
bioinert.4 Bioactive polymers can significantly modulate inflammatory responses while 
bioinert materials are ‘invisible’ to immune system and have low protein and cell adhesion.4 
The following sections will discuss thiol-ene hydrogels fabricated from commonly used 
natural polymers with different origin, charge, and functionalities. 
3.2.1. Chitosan 
Chitosan is a linear polysaccharide that is obtained from partial deacetylation of the 
chitin shells of crustaceans.85 Chitosan is enzymatically degradable with a degree of 
deacetylation (DD) ranging from 15 to 85%. When its molecular weight is over 20 kDa, it is 
insoluble in physiological fluids.85 Chitosan is most common naturally occurring 
polysaccharide that is positively charged. The positive charge arises from amino groups and 
enables chemical modification.78 The pore size of chitosan hydrogels is influenced by the 
molecular weight of the polymer. Increasing the molecular weight of chitosan from 499 to 
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1360 kDa results in a more compact structure with fewer pores as visualized by SEM.124 DD 
is another factor that can change hydrogel morphology. Hydrogels networks became more 
compressed when DD increased from 75.4 to 85.5%.124  
The mechanical properties of chitosan hydrogels can be tuned by copolymerizing 
with degradable synthetic polymers.78 Poly-lactic acid (PLA) grafted chitosan (310 kDa, 75% 
DD) with different mass ratios was subsequently grafted with methacrylate groups. 
Hydrogels were formed via chain growth crosslinking using a photoinitiator. The 
compression moduli of the hydrogels decreased with increasing PLA mass ratio (35 kPa 
without PLA and 15 kPa with chitosan:PLA 1:1).125 The reduced mechanical property was 
attributed to PLA acting as a plasticizer that reduced intermolecular interactions, such as 
hydrogen bonding.78 Cytotoxicity of the hydrogels was assessed using W-20-17 pre-
osteoblast mouse bone marrow stromal cells and C2C12 mouse myoblast cells. Cells coated 
with these hydrogels were viable and proliferated after 3 days culture.78 Another way to tune 
the mechanical properties of chitosan hydrogels is by changing the degree of methacrylation. 
By changing the ratio of methacrylate groups to unsubstituted amino groups on chitosan from 
0.5 to 2, the shear moduli increased from < 125 Pa to over 175 Pa.126 Encapsulated 
chondrocytes in methacrylated chitosan hydrogels remained viable and proliferated after 7 
days as visualized by fluorescence microscopy, which indicated that this hydrogel has 
potential as an injectable cartilage scaffold.126  
The degradation rate of chitosan hydrogels is highly dependent on the crosslinking 
density and enzyme concentration. Chitosan hydrogels crosslinked with 5% initiator 
completely degraded in 1 mg/ml lysozyme within 8 days, while stiffer hydrogels formed 
using twice the concentration of initiator maintained 66% of its original mass after 18 d.127 
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Chitin is the precursor to chitosan and degrades via the same mechanism as chitosan in 
lysozyme. Chitin was modified to contain carbon-carbon double bonds and crosslinked to 
form hydrogels. These chitin hydrogels completely degraded in 50 mg/ml lysozyme within 
10 h while 50% mass remained after 60 h in 1 mg/ml lysozyme.76 
3.2.2. Gelatin 
Gelatin is a natural biomacromolecule derived from denatured collagen. It has higher 
water solubility and lower immunogenicity compared to collagen.83 Gelatin contains an RGD 
peptide sequence that promotes cell attachment through integrin binding.83 In addition to the 
cell-adhesive sites on gelatin, protease-sensitive sites (such as the peptide sequence 
GPQG↓IWGQ) are also present, which renders gelatin enzymatically degradable. Similar to 
chitosan, crosslinking gelatin through thiol-ene chemistry requires the introduction of 
carbon-carbon double bonds. Carbic anhydride and methacrylate anhydride were used to 
introduce norbornene and methacrylate group, respectively, on gelatin both through 
amidation.83 
Mechanical properties of gelatin hydrogels can be tuned by the crosslinking 
mechanism and through copolymerization. Carbic anhydride can be used to modify gelatin, 
yielding norbornene-functionalized gelatin (GelNB). Hydrogels were fabricated using DTT 
as a crosslinker and their properties were compared with chain growth hydrogels formed by 
methacrylated gelatin (GelMA) with a similar degree of carbon-carbon double bond 
substitution. Chain growth GelMA hydrogels exhibited a higher shear modulus (0.9 kPa) 
than thiol-ene GelNB hydrogels (0.4 kPa). Cell viability of encapsulated hMSCs was higher 
in the thiol-ene hydrogels (97% viable in 4% GelNB hydrogels) compared with chain growth 
GelMA (85% viable in 4% GelMA hydrogels) after 1 day incubation.83 Other than 
crosslinking mechanism, copolymerizing gelatin with synthetic polymers is another approach 
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to tune the mechanical properties of gelatin hydrogels.55 Alkyne-functionalized PEG was 
used to copolymerize azide functionalized gelatin through an SPAAC reaction.55 The shear 
moduli of these hydrogels were compared with hydrogels fabricated solely from gelatin. 
Hydrogels fabricated with PEG exhibited a higher shear modulus (1.2  0.1 kPa) than pure 
gelatin hydrogel (0.8  0.1 kPa).55 Copolymerizing with naturally derived polymers is 
method to tune the crosslinking density of gelatin-based hydrogel.128 Methacrylated chitosan 
was copolymerized with methacrylated gelatin using Irgacure 2959 as photoinitiator through 
chain growth mechanism.128 By controlling the ratio between methacrylated chitosan and 
gelatin from 2:1 to 1:2, the pore size characterized by SEM decreased from 30 𝜇m to 2 
𝜇m.128 In addition to the crosslinking mechanism, initiator efficiency is another direct factor 
that controls crosslinking density. The effectiveness of visible light sensitive eosin-Y and UV 
light initiator LAP were compared for hydrogels composed of GelNB and 4 arm thiol-
functionalized PEG. Eosin-Y (0.1 mM) was more effective than LAP (4 mM) in crosslinking 
GelNB hydrogels with similar shear moduli. Hydrogels fabricated using both initiators 
degraded within 240 min in the presence of 10 U/ml of collagenase.91  
Swelling behavior is an important property for hydrogels used in biomedical 
applications. Tissue can be compressed and body fluid flow can be impinged if implanted 
hydrogels swell. This decreases both safety and patient comfort.102 Controlling swelling 
behavior of gelatin-based hydrogels can be done through the incorporation of a 
thermosensitive crosslinker. Non-swelling hydrogels were fabricated using thiolated gelatin 
and alkyne functionalized poly (ethylene glycol)-poly (propylene glycol)- poly (ethylene 
glycol)as a thermosensitive crosslinker.102 The hydrophobic block exhibited lower critical 
solution temperature behavior at 15-17 C and restricted hydrogel water uptake at 
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physiological temperature. The swelling ratios of the hydrogels ranged from 1.5 to 2.7 and 
decreased with increasing temperature.129 Incorporating a second component into gelatin 
hydrogels is another method to adjust swelling behavior.65 Methacrylated HA copolymerized 
with methacrylated gelatin through photo-initiated chain growth mechanism decreases the 
swelling ratio (~30 in the absence of HA, ~20 in the presence of 1% HA) when gelatin 
concentration was fixed at 3%.65  
3.2.3. Hyaluronic acid hydrogels 
HA is a non-sulfated glycosaminoglycan found in the ECM. It can be degraded by 
hyaluronidase secreted from various cells including human adipose derived stem cells,130 
tumor cells,131 and fibroblasts.132 Cells can interact with HA through surface receptors such 
as CD44.130 The presence of hydroxyl and amide groups allows chemical modification of 
HA.95 UV irradiation time was found to influence HA hydrogel mechanical properties. HA 
was functionalized with a norbornene group and subsequently crosslinked using DTT. At 
fixed thiol-ene ratios, increasing the UV irradiation time increases the hydrogel compression 
modulus. The highest compression modulus reached ~70 kPa at 20 min irradiation time when 
the thiol to carbon-carbon double bond ratio was ~0.8 and polymer content was 4% 
compared to ~20 kPa within 10 s.100 Other than UV irradiation time, the pH of the hydrogel 
precursor solution is also responsible for tuning stiffness. Methacrylated HA and thiolated 
heparin (Hep) were mixed at a 1:1 molar ratio of thiol: acrylate at 2% polymer content. 
Gelation time decreased with increasing pH. The storage modulus of increased with 
increasing polymer content.130 The pH sensitivity of thiol-ene gelation was attributed to 
enhanced electron transfer from the initiator at higher pHs.24 Adipose derived mesenchymal 
stem cells showed similar attachment (~100%) to the HA-Hep hydrogels compared with 
tissue culture plastic 3 h after seeding.130  
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4. Hydrogels fabricated using click chemistry as tissue scaffolds 
Click chemistry provides an easy way to fabricate hydrogels by simple mixing of 
reagents or exposure to UV light and can control where and when hydrogels are formed. 
These features allow hydrogels to be used as scaffolds for tissue engineering. Hydrogel tissue 
scaffolds should have mechanical and structural properties similar to the ECM of the 
implantation site.2 By changing the crosslinking density, crosslinker length, degree of 
branching, and molecular weight of the precursor, mechanical properties can be carefully 
engineered.2 A wide array of implantation strategies from in situ formation to direct 
implantation of fully realized scaffolds have been implemented using these materials as 
scaffolds. Alkyne functionalized chitosan and azide functionalized HA was injected 
bilaterally into the dorsal subcutaneous region of Balb/c mice and formed hydrogel through 
metal free AAC reaction.19 Hydrogels maintained a circular shape after 7 days and the gel-
tissue interface showed a lack of neutrophils and macrophages infiltration,19 indicating 
biocompatibility. The Diels-Alder reaction is another click chemistry that commonly used to 
crosslink hydrogels in situ. Furfurylamine functionalized chondroitin sulfate and maleimide 
terminated PEG were mixed to yield a mechanical stiff hydrogel (E~25 MPa).114 These two 
components can be injected into bone defect sites to form stiff hydrogels to enhance bone 
repair.114 Histological evaluation of defects site that were treated with hydrogels showed 
formation of new bone tissue after 14 days, which is faster than in mice without the hydrogel 
scaffold.114 
Implantation under the skin restricts in situ fabrication of photocrosslinked hydrogels, 
such as thiol-ene and chain growth hydrogels that use photoinitiators. Substituting 
photoinitiators with thermal initiators is one of the method to address this problem.77 
Glycidyl methacrylate grafted alginate mixed with a thermal initiation system (APS and 
29 
 
 
TEMED) were injected into Sprague-Dawley rats.77 Histological analysis showed few 
neutrophils and macrophages after two weeks, which indicated a mild inflammatory response 
and good biocompatibility. Direct implantation of preformed hydrogel scaffolds is another 
method to address the challenge of using photopolymerized gels. Methacrylated gellan gum 
hydrogels crosslinked through chain growth polymerization and ionic interaction were 
separately implanted into adult female Lewis rats for 18 days. Hematoxylin & eosin (H&E) 
staining showed moderate infiltration of macrophages and fibroblasts at day 10, which 
qualitatively decreased at day 18. Connective thin fibrous tissue was observed surrounding 
both hydrogels, demonstrating the biocompatibility of these gels.73 Photocrosslinked PEG 
hydrogels copolymerized with hydrogen bond forming N-acryloyl glycinamide (NAGA) was 
implanted into back of C57BL/6 mice and the fibrotic response was measured 4 weeks post-
implantation. These hydrogels did induce a fibrotic response, however the density of 
deposited collagen surrounding the PEG-based hydrogels was lower compared to control 
hydrogel made from poly (2-hydroxyethyl methacrylate).116 The fibrotic response was related 
to NAGA content. Low (4%) and high (16%) NAGA content caused more fibrosis than PEG 
hydrogels with medium NAGA content (8%).116 The high fibrosis for the low NAGA content 
PEG hydrogel was likely caused by degradation of the hydrogel and ensuing cell 
infiltration.116 The elevated fibrosis for the high NAGA content PEG hydrogel remains an 
open question. Both the low biocompatibility of stiff NAGA and the low biocompatibility of 
stiff PEG hydrogels were possible reasons.116 
The host response of hydrogel tissue scaffold is affected by many factors. Hydrogel 
scaffolds incorporated with growth factors are able to accelerate tissue healing. Azide 
functionalized chitosan was photo-crosslinked directly in growth factor FGF-2 solution under 
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UV exposure without initiator.133 Resultant hydrogels were applied to full thickness circular 
skin wounds on the back of healing-impaired diabetic (db/db) mice.133 The healing process 
was faster on the wound site with hydrogels incorporated with FGF-2 (80% wound closure 
within 12 days) than for control hydrogels without FGF-2 (80% wound closure after 20 
days).133 Crosslinking mechanism also influences the host response. Azide and cyclooctyne 
functionalized HA were injected subcutaneously into ICR mice and crosslinked through the 
SPAAC mechanism.45 H&E staining images showed slightly more inflammation from 
SPAAC crosslinked HA hydrogels than HA hydrogels crosslinked by a Schiff base 
reaction.45 
5. Conclusions and future perspectives 
Hydrogels are biocompatible materials due to their structural similarities with the 
ECM and the inherent hydrophilicity of the polymer network.2 Their gelation time and 
network crosslinking density can be tuned through the selection of materials, optimization of 
the ratios of the reagent, and varying crosslinking mechanisms. The tunability of hydrogels 
properties means that they can be engineered for a wide variety of biomedical applications 
and that they have the potential to be used as in situ forming scaffolds.2 
In this review, we discussed four diverse crosslinking mechanisms for fabrication of 
hydrogels. Advantages and drawbacks of each mechanism were discussed in detail. We also 
gave a general introduction to click chemistry hydrogel fabrication from the perspective of 
materials section. Representative materials from both the synthetic and naturally derived 
polymer families were discussed to demonstrate the feasibility of using hydrogels, along with 
their features and applications. Finally, we provide examples of hydrogel scaffolds 
synthesized through click chemistry and their specific features. 
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The future success of hydrogels as tissue scaffolds is highly dependent on rational 
design of the physical, chemical, and biological properties of these gels in order to better 
mimic the structural and biological properties of natural ECM into which it will be 
implanted.134 These properties can be tuned by careful selection of crosslinking mechanisms, 
modulating ratios of reactive functional groups, as well as polymer content in the hydrogel. It 
is also important for future click chemistry hydrogels to reduce the cytotoxicity of reagents 
and optimize fabrication procedures. Improving cytocompatibility during fabrication through 
methods such as using visible light initiators to substitute for UV sensitive initiators is 
critically important for cell-laden hydrogels. For hydrogels designed for use as tissue 
scaffolds, fibrosis is a determining factor for success. Surface modifications and mechanical 
properties should be carefully engineered to reduce fibrous encapsulation. Growth factors can 
be chemically incorporated into hydrogel scaffold structure that released upon degradation of 
the hydrogel. For hydrogels designed for cells to attach, the incorporation of cell-adhesive 
peptide sequences into hydrogel network should be investigated, which not only enhance cell 
binding but also can modulate enzymatic degradation. In this way, new tissue regenerated on 
the scaffold while the scaffold is degrading at a compatible rate. For hydrogels designed to 
study cell spreading, peptide patterning both on the surface and in the bulk of the hydrogel 
should be studied. In order to address these challenges, interdisciplinary cooperation between 
various fields including materials science, polymer chemistry, and cell biology will be 
essential to develop ideal tissue scaffolds.135 
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CHAPTER 2.    GELLAN GUM BASED THIOL-ENE HYDROGELS WITH 
TUNABLE PROPERTIES FOR USE AS TISSUE ENGINEERING SCAFFOLDS 
1. Introduction 
The overriding design principles for tissue engineered scaffolds are that the scaffold 
should best simulate the properties of the native tissue.4 Namely, the scaffolds should have 
similar mechanical properties to the tissue it will replace, the scaffold is biocompatible, and 
the degradation rate of the scaffold matches those of the surrounding tissue.4 The native 
extracellular matrix (ECM) is a scaffold for cells to attach and proliferate. The ECM has a 
structure with high water content and a 3D network which can be mimicked by hydrogels. 
Therefore, research efforts on designing hydrogels have been focused on improving 
biocompatibility and mechanical properties to match native tissues. 
Gellan gum is a natural polysaccharide derived from bacteria that has potential 
applications in this area owing to its biocompatibility and flexibility for modification. The 
repeating unit of gellan gum is a tetrasaccharide comprised of L-rhamnose, D-glucuronic 
acid, and two D-glucose residues. As with other polysaccharides, lysozyme secreted by 
monocytes and neutrophils136 can degrade the backbone.137 The kinetics of degradation can 
be controlled by altering the degree of crosslinking as well as the type of crosslinking bond, 
which can be achieved through altering physical or chemical linkages.7 As with changing 
degradation profiles, the mechanical properties can also be altered through modifying the 
type and degree of crosslinks.7 The mechanical property requirements for scaffolds depend 
on the type of tissue, with softer (<2 kPa) substrates yielding the desired outcomes for liver 
and harder (>40 kPa) implants required for bone tissue engineering.4 
Cations can be used to crosslink gellan gum gels by screening charges on the 
molecules and promoting physical crosslinks. More specifically, multi-valent cations bridges 
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carboxyl groups and reduce electrical repulsion.138 While monovalent cations can also screen 
the charges on the gellan molecules, the interaction is much weaker than the divalent 
cations.138 Therefore, physically crosslinked gellan gum hydrogels will lose their stability in 
physiological conditions as the divalent cations are replaced by monovalent cations that are 
present at much higher concentrations in vivo.7   
One way to improve the stability of gellan gum hydrogels is to covalently crosslink 
the gel.81,139,140 Carbodiimide amidation and esterification are commonly employed to 
conjugate the abundant carboxylic acid or hydroxyl groups present on the polysaccharide to a 
moiety capable of chemical crosslinking. Glycidyl methacrylate141 and methacrylic 
anhydride73,81,140 have been successfully used to methacrylate gellan gum.127,142 Enzymatic 
degradation of the hydrogel is retained as lysozyme attacks the backbone and can be tuned 
based on the degree of modification with acrylates and thiol concentrations. Likewise, the 
mechanical properties of these gels can be similarly tuned.89 
Thiol-ene photoclick chemistry provides another free radical mediated method to 
synthesize hydrogels using crosslinkers containing multiple thiol groups.[18-20] Specifically, 
a free-radical abstracts a proton from a thiol, generating a thiyl radical. Subsequent 
propagation steps occur in a step growth mechanism between the thiyl radical and the vinyl 
group.143 In this work, we examine the relationship between mechanical properties and 
crosslinking mechanism with cell proliferation using covalently crosslinked gellan gum. 
Through introducing carbon-carbon double bonds to the gellan gum, the polymer can be 
photocrosslinked through chain growth, step growth, or a combination of the two, termed 
mixed model, to form gels with varying compressive moduli. Thiol-ene step growth 
crosslinking is not oxygen inhibited, therefore chain growth crosslinking can be controlled 
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through purging oxygen from the precursor solution. By adjusting the crosslinking 
conditions, the mechanical properties of the gel were systematically varied. The degradation 
profiles of these polymers in the presence of lysozyme was also investigated. Correlations 
between mechanical properties and cell proliferation were explored. 
2. Methods and materials 
2.1.Materials 
Gellan gum was purchased from Spectrum Chemical Mfg. Corp. (New Brunswick, 
NJ); methacrylate anhydride (MA) was obtained from BeanTown Chemical (Hudson, NH); 
2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) was obtained from 
Sigma-Aldrich (St. Louis, MO); dithiothreitol (DTT) was supplied by VWR Chemical 
(Batavia, IL). Fresh deionized (DI) water (Milli-Q Nanopure, Thermo Scientific, Waltham, 
MA) was used throughout this study. 
2.2.Gellan gum modification 
Methacrylated gellan gum was synthesized via substitution of the hydroxyl groups in 
the gellan gum repeating units with MA. Briefly, 1 g gellan gum was dissolved in 100 ml DI 
water in a round bottom flask and heated to 90°C for 30 minutes under constant stirring. The 
mixture was slowly cooled to 60°C and either 3.5 ml or 8.5 ml MA was added for low 
modified gellan gum (LMGG) or high modified gellan gum (HMGG), respectively. The pH 
was maintained between 8 and 9.5. After 4 h, the product was dialyzed (12,000-14,000 
molecular weight cutoff) against DI water for at least 3 days. The DI water was refreshed 
daily.  The final product was lyophilized (Labconco, Kansas City, MO, 4.5 L). 
2.3.Characterization of modification of gellan gum 
To quantify the percent modification of synthesized LMGG and HMGG, NMR was 
used to characterize the polymers. The modified polymers (10 mg) were dissolved in 1 ml 
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D2O. The 
1H-NMR spectra were recorded on a Bruker Avance III spectrometer with a sweep 
width of 6602.1 Hz, a 90° pulse, and an acquisition time of 2.48s. All spectra were obtained 
at room temperature. A total of 16 repetitive scans with 64 points were acquired and the data 
were processed in MNova with 128k points, zero filling, and exponential line broadening of 
1.0 Hz. The methyl group on the rhamnose structural unit on gellan gum was used as a 
reference (δ =1.45ppm). The degree of substitution (DS) was calculated using equation 1. 
  (1) 
Where  is the integration of double bond proton peak,  is the 
integration of the reference peak,  and  are the number of protons in the double 
bond and in the methyl group on the rhamnose, and  is the number of reactive 
hydroxyl sites on gellan gum. 
2.4.Synthesis of hydrogels 
In 1 ml DI water, 10 mg modified gellan gum was dissolved at 55°C. To this mixture, 
1mg Irgacure 2959 was added. For mixed model LMGG hydrogels, either 3.4 or 6.8 𝜇l 10 
wt-% DTT was added for thiol-ene ratio 0.5 or 1, then 2 𝜇l of 0.5 M CaCl2 were added to 
solution before degassing for 20 minutes. For step growth and mixed model HMGG 
hydrogels, 10 or 20 l of 10 wt-% DTT was added such that the thiol to alkene mole ratio 
was 0.5 or 1. To these mixtures, either 0 or 6 𝜇l of 0.5 M CaCl2 was added to yield a final 
concentration of 1 mM Ca2+. For chain growth hydrogels, DTT was not added. Chemically 
crosslinked hydrogels were obtained by exposure of the precursor solution to UV light (15 
DS =
IDB
hHDB
ICHl3rham
hHCH3rham
hOHmonomer
IDB ICHl3rham
hHDB hHCH3rham
hOHmonomer
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W, 365 nm, UVP, Upland, CA) for 10 minutes. Both chain growth and mixed model 
solutions were degassed prior to crosslinking.  
2.5.Compressive modulus  
The compressive modulus for each experimental condition was obtained through 
manual compression measurements. Obtained hydrogel pegs (n = 3) approximately 15  15  
6 mm3 were placed between two microscope slides and measured as weight was added. A 
stress-strain curve was created using distances between the microscope slides measured 
through Image J (NIH, Bethesda, MD). The linear regions of the curve under 5-15% strain 
were used to report the compressive moduli.  
2.6. Swelling ratio 
The swelling ratio was measured for the hydrogels in DI water. Each experimental 
condition was tested at a concentration of 1% w/v modified gellan gum. The obtained 
hydrogels weighed ( ). The hydrogels were subsequently immersed in DI water until 
equilibrium was reached and weighed ( ). The wet swelling ratio ( ) was calculated using 
equation 2. 
  (2)         
2.7.In vitro degradation profile 
The effect of the different crosslinking mechanisms on the degradation profiles of 
LMGG and HMGG hydrogels was examined. Hydrogels (n = 3) were immersed in 0.5 
mg/ml lysozyme and in phosphate buffered saline (PBS, diluted from 10 solution to 0.1 M, 
pH 7.4, Fisher Scientific, Pittsburgh, PA) and were weighed daily. 
w0
ws S
S =
ws -w0
w0
´100%
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2.8.Cell Culture 
NIH/3T3 fibroblasts (ATCC, Manassas, VA) were cultured in complete medium 
(CM, Dulbecco’s modified Eagle’s medium supplemented with 10% bovine calf serum, 100 
U/L penicillin, and 100 µg/l streptomycin) at 37°C in 5% CO2.  Cells are passaged every three 
to five days through 0.025% trypsin-EDTA (ethylenediaminetetraacetic acid; Mediatech, 
Tewksbury, MA) detachment and subcultured at 6.7× 103 cells/cm2.  
2.9.Cell Proliferation  
Cell proliferation was tested on all gelation formulations for both LMGG and 
HMGG. A solution of 10 mg/ml LMGG or HMGG in CM was prepared at 37°C. Solutions 
for the mixed and chain growth gelation procedures were degassed for 15 minutes. To each 
well, 100 µL of each modified gellan gum solution was added to 48-well plates (KSE 
Scientific, Durham NC). Hydrogels were exposed to UV light for 10 minutes. Cells (1.25 × 
105 cells/cm2) were seeded on of each modified gellan gum hydrogel and 200 µl CM without 
phenol red was added the plate was incubated for 48h. Live and dead controls were generated 
by culturing cells without gel. After 48h, the dead control supernatant was aspirated and 
replaced with 95% ethanol for 10 minutes. After this incubation period, the supernatant in 
each well was aspirated. To each well, 150 µl of working solution (2 µM calcein AM 
(AnaSpec, Fremont, CA) and 7.5 µM 7-aminoactinomycin D (Tonbo Biosciences, San 
Diego, CA) in PBS) was added and the plates were incubated to 30 – 40 minutes at 37°C 
in 5% CO2. Live cells were quantified using an excitation/emission of 485/590 nm. Dead 
cells were measured using an excitation/emission of 528/645 nm using a plate reader 
(BioTek Synergy HT Multidetection Microplate Rreader BioTek, Winooski, VT).  
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Cells stained using the live/dead assay were imaged using an EVOS® FLoid® 
Imaging Station (Life Technologies, Grand Island, NY) using the red channel 
(excitation/emission 586/646 nm) and the green channel (482/532 nm). 
2.10. Statistics and data analysis 
Statistical analysis was performed using JMP statistical software. Statistical 
significance of the mean comparisons was determined by a two-way ANOVA. Pair-wise 
comparisons were analyzed with Tukey’s honest significance difference test. Differences 
were considered statistically significant for p < 0.05.  
3. Results and discussion 
3.1.Gellan gum modification and characterization 
Methacrylation of gellan gum is schematically illustrated in Figure. 4A. The NMR 
spectrum of methacrylated gellan gum is shown in Fig. 4B. The 1H-NMR spectra of 
unmodified gellan gum (Figure. 4B top) and modified gellan gum (Figure. 4B middle and 
bottom) were obtained at 25℃. All three spectra showed the characteristic methyl peak from 
rhamnose (𝛿 = 1.3 ppm). Methacrylation was verified and quantified by the characteristic 
carbon-carbon double bond peaks (𝛿 = 5.7 ppm, 𝛿 = 6.2 ppm) and a peak corresponding to 
the methyl group on the newly methacrylated moiety (𝛿 = 1.95 ppm). The degree of 
modification was calculated by comparing the integrated proton peaks from the methyl group 
on the methacrylate and the methyl group on rhamnose. The average number of methacrylate 
group per LMGG repeating unit is 0.5 ± 0.06 (Figure. 4B middle) while this increased to 2.0 
± 0.11 for HMGG (Figure. 4B bottom).  
Methacrylation of gellan gum was further confirmed by FTIR (Figure. 4C). The 
carbon-carbon double bond peak is expected to appear at 1640 cm-1, which overlaps with 
other vibrational modes in gellan gum. However, the characteristic peak at 1720 cm-1 
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corresponding to the carbonyl present on the methacrylate group appeared after chemical 
modification and grew in intensity with increasing degree of methacrylation. Resultant gels 
are labelled by numbers according to their unique formula shown under each graph. Gel 1-4 
are LMGG gels while 5-14 are HMGG gels. 
 
Figure 4. Synthesis and characterization of methacrylated gellan gum. (A) Schematic 
illustration of the methacrylation reaction. (B) 1H NMR of gellan gum (top) and low 
(middle) and high (bottom) modified gellan gum. (C) FTIR spectra of gellan gum and low 
and high modified gellan gum. 
3.2.Compression modulus 
The compressive moduli of the 14 different formulations of hydrogels was obtained 
by analyzing stress-strain curves in the region of 5% - 15% strain. The modulus of the 
hydrogels ranged from 6.4 to 17.2 kPa, with the LMGG gels ranging from 6.4 to 11.3 kPa 
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and HMGG gels ranging from 7.4 to 17.2 kPa (Figure. 5). The increased mechanical strength 
in HMGG is expected due to a higher degree of modification and crosslinking.   
 
Figure 5. Mechanical properties of modified gels. Young’s moduli of low and high gellan 
gum hydrogels crosslinked through the different mechanisms. Data represents the mean ± SD 
(standard deviation). n = 5. Statistical analysis through two-way ANOVA and Tukey’s HSD 
post-hoc test. Bars with the same letter (A-G) are not statistically different (p < 0.05). 
The mechanical properties of the gellan gum hydrogels synthesized here were altered 
by three factors: the presence of calcium, the chemical crosslinking mechanism, and the 
thiol-ene ratio. Calcium was found to either increase or have no significant influence on the 
compressive modulus of the gels. LMGG gels were not able to form in the absence of 
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calcium. For HMGG gels, the addition of calcium had little effect on the hydrogels 
crosslinked through mixed model. Hydrogels crosslinked through the step growth mechanism 
of equimolar thiol-ene together with calcium exhibited an increased compression modulus 
(9.9  0.6 kPa) compared to their counterparts in the absence of calcium (7.3  0.8 kPa).  A 
similar trend was observed when half-molar equivalents of thiol were added with the 
modulus increasing from 9.8  0.7 to 12.8  0.9 kPa. The compressive modulus of the gels 
formed using chain growth crosslinking was also improved through the addition of calcium 
(14.6  0.8 kPa to 16.5  1.0 kPa). 
Divalent cations such as calcium form bridges between carboxyl groups and reduce 
electrical repulsion, resulting in physical crosslinks.144 These junctions allow gellan gum 
chains to bundle to form helical structures145 and may increase mechanical properties. 
However, the interaction between calcium cations with the gellan gum hydroxyl and 
carboxyl groups reduces the hydrogen bonding with water,146 therefore decreased the 
strength between the network and water matrix. As a result, the compressive modulus was 
not significantly influenced for some hydrogels. 
The crosslinking mechanisms significantly affected the mechanical properties for all 
gels studied here. For LMGG gels, compression modulus was increased from 6.4  0.7 to 8.1 
 0.7 kPa when the crosslinking mechanism was changed from step growth to mixed model 
using equimolar thiol-ene gels. The same result was observed for half molar thiol-ene LMGG 
gels, where the modulus increased from 9.6  0.7 to 11.3  0.8 kPa. Similarly, for HMGG 
gels the compression modulus increased from 7.4  0.8 to 12.4  0.8 kPa in the absence of 
calcium and from 9.9  0.6 to 13.0  0.7 kPa in its presence for equimolar thiol-ene gels. 
This trend was also observed for the half molar thiol-ene hydrogels, in which the 
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compression modulus changes from 9.8  0.7 to 16.4  0.9 kPa in the absence of calcium and 
from 12.8  0.9 to 17.2  0.1 kPa in the presence of calcium. Surprisingly, the chain growth 
crosslinked gels had the highest compression modulus of 14.6  0.8 and 16.5  1.0 kPa, in 
the absence and presence of calcium, respectively. 
Two reasons attribute to the high compression moduli of chain growth hydrogels 
compared with the mixed model and step growth hydrogels in this study. First, 
homopolymerization of acrylate yields heterogeneous chains and causes a high degree of 
chain entanglements, which contributed to a higher modulus.83 Second, there is a parabolic 
relationship between the thiol-ene ratio and resultant hydrogel shear modulus, with the shear 
modulus initially increasing, then decreasing with increasing thiol content.92 The two ratios 
used may not be the optimal ratio to yield the highest compressive modulus. The higher 
moduli observed in mixed model hydrogels compared with step growth counterparts were 
caused by the oxygen level of the precursor solutions. The presence of oxygen in precursor 
solution inhibited radical polymerization and reduced crosslinking density.90,117 Dissolved 
oxygen in the mixed model hydrogels precursor solution was reduced via degassing that 
promoted crosslinking. The higher modulus of chain growth hydrogel over step growth 
hydrogel has been previously observed by Lin and coworkers.83 In their study chain growth 
methacrylated gelatin exhibited almost double shear modulus (0.9 kPa) when compared to 
step growth norbornene functionalized gelatin (0.4kPa).83  
The thiol-ene ratio also plays an important role in modulating the compressive 
modulus of the hydrogels. Equimolar thiol-ene hydrogels were initially expected to yield the 
highest compression modulus since each thiol group was expected to react with one vinyl 
group and consume all available vinyls.100 However, carbon-carbon bonds can homo-
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polymerize resulting in excessive thiols, which react to form dangling dithiol bonds.83,100,101 
In addition, increased dithiol results in increased chain transfer, which terminates chain 
propagation and reduces the degree of polymerization.89,92,147 For these reasons, half-molar 
thiol-ene hydrogels had higher compressive moduli compared with equimolar gels. For 
LMGG hydrogels the half-molar thiol-ene gels yielded higher compressive moduli than the 
equimolar gels for both step-growth and mixed model crosslinking (8.1  0.7 kPa and 11.3  
0.8 kPa vs. 6.4  0.7 kPa and 9.6  0.7 kPa, respectively). This trend continued for HMGG 
gels, with the half-molar thiol-ene gels having higher moduli than their equimolar 
counterparts. This relationship between the thiol content and crosslinking density for step 
growth and mixed model gels has been observed previously.92,100 Homopolymerization of 
norbornene is difficult due to steric hindrance and was still found to have the highest 
crosslinking density at a lower than equimolar thiol-ene ratio.100 Defects in crosslinking such 
as formation of loops and dangling structures are believed to be responsible for this 
phenomenon.101  
3.3.Swelling ratio 
The wet swelling ratio was measured in DI water as an indirect method for assessing 
crosslinking density, as a high swelling ratio generally corresponds to a low crosslinking 
density and vice versa.  In this work, the wet swelling ratio of the 14 types of gels (Figure 6) 
were negatively correlated with compressive moduli (R = -0.55). The wet swelling ratio of 
the gels ranged from 2.46  0.11 to 4.28  0.14 for LMGG gels and from 0.98  0.01 to 1.95 
 0.34 for HMGG gels. A higher compressive modulus generally resulted in less water 
uptake. In addition to crosslinking density, the formation of ionic bonds and the 
hydrophilicity of the network also influences swelling. 
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Figure 6. Swelling behavior of gellan gum hydrogels. Hydrogels crosslinked through the 
different mechanisms were swelled in PBS. Data represents the mean ± SD. n = 3. Statistical 
analysis through two-way ANOVA and Tukey’s HSD post-hoc test. Bars with the same letter 
(A-J) are not statistically different (p<0.05). 
Calcium ions not only form ionic crosslinking and lowering the swelling ratio, but 
also reduce water uptake. Since all LMGG hydrogels were strengthened with calcium, this 
discussion will focus on HMGG hydrogels. The influence of calcium on the swelling ratio 
was significant for thiol crosslinked gels. For equimolar thiol-ene ratio hydrogels, the step 
growth gels decreased from 1.94  0.34 to 1.29  0.058 when calcium was added. Similar 
decreases in the swelling ratio were observed for equimolar mixed model hydrogels when 
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calcium was added (1.73  0.13 to 1.26  0.035). This trend continued for half-molar thiol-
ene gels formed through step growth crosslinking (1.57  0.033 in the absence and 1.07  
0.030 in the presence of calcium) and mixed model crosslinking (1.46  0.031 in the absence 
and 1.09  0.044 in the presence of calcium). Chain growth gels, on the other hand, did not 
have significant differences with or without calcium (0.98  0.009 and 1.1  0.030, 
respectively). This could be caused by the rigid network of chain growth crosslinks, which 
may have redcued the effect of the calcium physical crosslinks.87 
Ionic bonds can influence the swelling ratio through multiple mechanisms. First, the 
formation of ionic bonds increases the crosslinking density and reduces the swelling 
capacity.7 Second, interactions between the carboxylic acids on gellan gum and calcium 
cations decrease the available hydrogen bonding with water,146 and decrease the amount of 
water associated with the hydrogel network. Third, compared with covalently crosslinked 
polymeric networks, ionic bonds are less flexible and extendable, which reduces their ability 
to swell.70  
All LMGG gels showed significantly higher swelling ratios than HMGG gels, which 
were all strengthened with ionic crosslinks. For LMGG gels, the compressive modulus was 
negatively correlated with the swelling ratio (R = -0.97). Hydrophilicity affects the swelling 
response of hydrogels since hydrophilic networks taking up more water.148 LMGG has one 
methacrylate groups on every two tetrasaccharide repeating units, while HMGG has two 
methacrylates on each repeat unit. This suggests that LMGG will have a stronger affinity for 
water than HMGG. 
The swelling ratio of gellan gum hydrogels crosslinked via chain growth 
polymerization has been studied previously. Dual crosslinked gellan gum hydrogel (chain 
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growth and ionic crosslinking) exhibited significant lower swelling ratio (~100% of original 
weight), which is similar to results presented here.7 The same group also investigated gellan 
gum swelling behavior in PBS. Dual crosslinked gellan gum hydrogels shrank when 
immersed in PBS solution due to formation more helix structure and crosslinks.7 Reis and 
coworkers found 2500% water uptake of photocrosslinked gellan gum hydrogel in PBS after 
30 days.141 The same group further investigated and compared water uptake of 
photocrosslinked and ionically crosslinked gellan gum hydrogels, where both showed 
~2500% water uptake after 90 days.73 However, the swelling ratio of gellan gum hydrogels in 
both DI water and PBS were highly dependent on the degree of methacrylation and the final 
concentration of cations. Due to this reason, results here cannot be directly compared with 
the literature. 
3.4.In vitro degradation  
Lysozyme is an antibacterial enzyme released by macrophages during the wound 
healing process,149 which breaks down the cell walls of bacteria and releases N-acetyl-D-
glucosamine.150 Previous studies have shown that polysaccharides can undergo enzymatic 
hydrolysis in the presence of lysozyme.127,151–154 It is believed that lysozyme breaks ether 
bonds connecting the structural backbone of the polysaccharide.155 The in vitro degradation 
profile of hydrogels in this study was obtained by exposing the hydrogels to PBS or 0.5 
mg/ml lysozyme (Figure. 7). Hydrogels immersed in pH 7.4 PBS were stable, with ≥ 80% 
mass remaining after 42 days (Figure 7A). This weight loss likely results from dehydration 
of the gel as the ionic concentration of the PBS solution is higher than that in the 
hydrogels.127 In lysozyme, all gels degraded to 20% of their initial weight after 16 days 
(Figure 7B), with HMGG gels degrading slightly faster than the LMGG gels. The 
differences in degradation rates for LMGG and HMGG hydrogels may result from 
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differences in network hydrophilicity. The HMGG backbone contains more hydrophobic 
methacrylate groups than LMGG. These methacrylate groups can form hydrophobic kinetic 
chains during crosslinking,75,117 which may retard diffusion of lysozyme solution into the 
hydrogel.  
 
Figure 7Gellan gum hydrogel degradation. Hydrogels formed through the different 
crosslinking methods were immersed in (A) PBS and (B) 0.5 mg/ml lysozyme at 37℃. Data 
represents the mean ± SD. n = 3. 
The stability of gellan gum hydrogel in PBS was confirmed by several studies. Reis 
and coworkers immersed gellan gum hydrogel for 30d in PBS and hydrogels showed less 
than 20% weight loss.141 In a later study, the same group did PBS stability test for both ionic 
crosslinked and photocrosslinked gellan gum gels up to 90d, nearly 20% weight loss was 
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observed.73 The stability of another polysaccharide, chitosan, in PBS was also found to retain 
80% of its original weight after 18 days, 127 which is in line with our findings. 
The degradation rate of polysaccharide hydrogels in lysozyme is highly dependent on 
both the concentration of lysozyme and the type of polysaccharide. Photocrosslinked 
chitosan hydrogels were found to completely disintegrated in 1 mg/ml lysozyme after 8 
days.127 Methacrylated chitin hydrogels retained 50% of their original weight after 60 h in 
1mg/ml lysozyme while completely degrading in 50 mg/ml lysozyme within 10 h.76 The 
density of crosslinks in methacrylated chitin gels also alters the degradation rate, with a 
higher crosslinking density leading to a slower degradation rate.76 These results combined 
with observations in our study provide clues for controlling the degradation rates for future 
application of using hydrogels as tissue engineering scaffolds.  
3.5.Cell Proliferation 
Cell proliferation of NIH/3T3 fibroblasts seeded on 14 various substrates was 
visualized by live/dead fluorescence staining (Figure 8A). No dead cells were observed for 
any of the hydrogels. All LMGG hydrogels and HMGG hydrogels synthesized only via chain 
growth showed the highest cell proliferation. LMGG mixed model gels showed lower cell 
proliferation than LMGG step growth gels. Cell proliferation on HMGG hydrogels was 
correlated well with the hydrogel compressive modulus (R = 0.80). The softest HMGG gels – 
those formed using equimolar thiol-ene ratios – yielded the lowest cell proliferation (4.6   
0.5% in the absence and 5.7  0.4% in the presence of calcium). The stiffest HMGG 
substrates – those formed through chain growth crosslinking – had the highest cell 
proliferation (46.5  5.7% in the absence and 52.9  5.8 in the presence of calcium).  
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It is known that mechanical signals play an important role in myofibroblast 
differentiation, activation, and adhesion.156 Fibroblasts differentiate into a contractile 
myofibroblast phenotype when exposed to substrates with elastic moduli corresponding to 
pathologically stiff fibrotic tissue with microfilament bundles or mature focal adhesions,157 
while those cultured on softer substrate show little development of stress fibers.158,159 
Fluorescent images of cells stained with live-and-dead assay were used to visualize cell 
morphology. Here, fibroblasts seeded on the stiffest hydrogel (gel 5) had some stress fibers 
and microfilament bundles (Figure 8A). Cells seeded on softer substrates (gel 9 and gel 11) 
formed clusters of cells that did not spread on the surfaces. Conversely, cells seeded on 
stiffer hydrogels (gel 12 and gel 13) spread more evenly across the surface of the gel.  
In addition to mechanical stress, surface chemistry can influence fibroblast 
morphology and differentiation. As shown in Figure 8, Fibroblasts cultured on half-molar 
thiol-ene step growth HMGG hydrogels in the absence of calcium showed microfilament 
bundles even though it was softer than the similarly formed chain growth gel 6. 
Microfilament bundles were only observed on substrates fabricated with half-molar thiol-ene 
ratios. These microfilaments disappeared when the modulus of gel 11 was increased via 
either more chemical crosslinking (gel 12) or ionic crosslinking (gel 13).  
Several studies have demonstrated cell adhesion, spreading and proliferation depends 
on surface chemistry, topology, and wettability. Combinatorial approaches for developing 
non-fouling biomaterials have revealed that chemistry plays a role in cell activation160 and 
mitigating the foreign body response.161  A multi-arm PEG-norbornene macromer was 
developed via step growth and the resultant thiol-ene hydrogel contained more homogeneous 
networks. Encapsulated MIN6 β-cells had significantly higher proliferation in the hydrogel 
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formed with thiol-ene chemistry. Additionally, the encapsulated cells in the thiol-ene 
hydrogels grew in clusters.118 Here, the effect of the thiol content was found to be the major 
parameter responsible for fibroblast morphology differences. Cell behaviors in relation to 
thiol-ene group have not been studied extensively. More experiments are necessary to 
decouple the effect of surface chemistry and mechanical properties on fibroblast 
differentiation and morphology.  
 
Figure 8. Cytocompatibility of gellan gum hydrogels. NIH/3T3 fibroblasts were seeded on 
hydrogels and tissue culture plastic (control). (A) Representative micrographs of live (green) 
and dead (red) cells cultured for 48 h. (B) Quantification of live and dead cells. Date 
represents the mean±SD. n = 4. Statistical analysis through two-way ANOVA and Tukey’s 
HSD post-hoc test. Bars with the same letter (A-G) are not statistically different (p<0.05) 
Cell response and proliferation on biomaterial surfaces are crucial to biomedical 
applications and tissue engineering. No dead cells were observed. Cell proliferation data 
indicates that both LMGG and HMGG hydrogels are biocompatible and bioactive. In 
addition, cell proliferation of HMGG was controlled, in part, by the tunable mechanical 
properties of the hydrogel. The design principles of tissue engineering constructs greatly 
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depend on the native mechanical properties of the organ in which the biomaterial will be 
implanted. The range of compressive modulus from 6.4 to 17.2 kPa of LMGG and HMGG 
present a potential to be applied as dermal implants. In wound healing process, fibroblasts 
differentiate into myofibroblasts and deposit newly synthesized ECM 2 weeks after injury.162 
Cell proliferation, activation of growth factors, and mechanics of the ECM induce fibrosis.163 
Higher elastic moduli (16-20 kPa) of granulation tissue during the repairing stage leads to a 
significantly higher level of fibroblast differentiation.164 Skin stiffness changes during the 
proliferation and regenerative stages and becomes stiffer in fibrotic tissue (~50kPa). 
Therefore, a soft tissue scaffold for dermal should be in a relatively lower range of 1-20kPa. 
164 Our hydrogels have the potential to be applied as biologically active wound dressings and 
mimic the mechanical properties and microenvironment of the ECM.  
4. Conclusion 
We successfully modified gellan gum by reacting it with methacrylic anhydride. Both 
low modified and high modified gellan gum hydrogels were synthesized by varying the 
amount of methacrylic anhydride. Taking advantage of the thiol-ene click chemistry, 
hydrogels were fabricated through chain growth, step growth, and mixed model mechanisms. 
We demonstrated that the addition of calcium and thiol-ene ratio can significantly alter the 
compressive modulus of the resultant hydrogels. Swelling ratios of hydrogels were 
negatively correlated with hydrogel compression modulus. The formation of physical 
crosslinks through the addition of calcium reduced network flexibility and suppressed 
hydrogel swelling. NIH/3T3 fibroblasts proliferated on the hydrogels and had a positive 
correlation with substrate stiffness. Cell morphology and spreading were found to be related 
to substrate chemistry.  Over all, this study demonstrated the ability to tune mechanical 
properties of gellan gum hydrogel through chemical modification and addition of divalent 
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ions. Data presented here will help build a gellan gum platform for future applications in 
tissue engineering. 
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CHAPTER 3.    EFFECT OF SUBSTRATE HYDROPHOBICITY ON CELL 
PROLIFERATION AND POLARIZATION ON GELLAN GUM BASED 
HYDROGEL 
1. Introduction 
Hydrogels are frequently used as wound dressing materials owing to their structural 
similarity to ECM.165 When hydrogels are applied to the wound site, they are able to 
maintain a moist environment that facilitates the wound healing process by preventing cell 
apoptosis caused by dehydration and by promoting angiogenesis by providing biomimetic 
structures for cells to adhere and proliferate.166 Furthermore, enzymatic degradation of 
hydrogels fabricated from natural derived polymers allows ingrowth of new tissue.63,167 
However, wound healing is a complex series of processes and involves activation of 
various intercellular and intracellular pathways.168,169 Specific design of hydrogels used as 
wound dressings is necessary to better regulate the wound healing process. Generally, 
wounds are healed by three distinct and overlapping stages: inflammation, new tissue 
formation, and remodeling.168 Specifically, hemostasis is achieved by aggregation of platelets 
during the initial inflammatory stage. Subsequently, neutrophils and macrophages 
differentiated from monocyte are recruited to sterilize the wound site.169 In the new tissue 
formation stage, new substrates for cell migration formed near capillaries associate with 
macrophage and fibroblast. Fibroblasts are stimulated by macrophages and can differentiate 
into myofibroblasts, which are responsible for closing the edges of the wound site and 
producing ECM, in the later part of this stage.169 In the last stage, macrophages, fibroblasts 
and endothelial cells secrete matrix metalloproteinase to remodel the acellular matrix from 
type III to type I collagen.169 
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Macrophages play a crucial role in the wound healing process and determine outcome 
of the foreign body response to implanted biomaterials.170 Macrophages are heterogeneous 
cells with a spectrum of phenotypes representing distinct sublineages.171 In the presence of 
specific microenvironmental signals, macrophages are able to switch from one phenotype to 
another, which means these cells are plastic.171 In general, macrophages classically activated 
(M1) by interferon-γ (IFN- γ) or liposaccharides (LPS) represent the pro-inflammatory end of 
the spectrum.170 These cells are marked by the secretion of tumor necrosis factor (TNF-α) 
and reactive nitrogen intermediated (RNIs).170 On the other end of spectrum, alternatively 
activated macrophages (M2) are polarized using interleukin-4 (IL-4) and are pro-
angiogenic.170 These cells are characterized by increased levels of IL-10 and transforming 
growth factor (TGF-β) secretion.170 A balance between these macrophage phenotypes is 
required for the proper healing from an injury or biomaterial integration.172 
Macrophage attachment and polarization on implanted biomaterials can be regulated 
by surface microstructure and wettability.172 Micro-rough surfaces stimulate more anti-
inflammatory cytokines than smooth surfaces.172 In another study, macrophages prefer to 
migrate onto more hydrophobic substrata.173 It was also found that macrophage apoptosis 
increased on hydrophilic surfaces when compared to polyethylene terephthalate substrates.174 
Upon adhesion t biomaterial substrates, macrophages can release a large number of pro-
inflammatory cytokines and oxygen radicals that contribute to cell activation and 
inflammation.175 These studies indicate that the surface wettability of wound dressings 
should be carefully designed to favor macrophage attachment and modulate macrophage 
polarization during wound healing process. However, macrophage adhesion on chemically 
modified hydrogel surface is poorly understood. 
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Here, we further modified LMGG with 1-bromohexane and 1-bromoundecane to 
increase the hydrophobicity of the naturally derived polymer. The wettability was controlled 
by the length of the hydrophobic branch. Hydrogels were subsequently fabricated through 
step-growth crosslinking. Physical properties of the hydrogels were characterized. 
Macrophages of both phenotypes, along with naïve macrophages were seeded on the 
resultant hydrogels and their proliferation as well their cytokine secretion was measured. 
2. Methods and materials 
2.1.Materials 
Gellan gum was purchased from Spectrum Chemical Mfg. Corp. (New Brunswick, 
NJ); methacrylate anhydride (MA) was obtained from BeanTown Chemical (Hudson, NH); 
2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) was obtained from 
Sigma-Aldrich (St. Louis, MO); dithiothreitol (DTT) was supplied by VWR Chemical 
(Batavia, IL). 1-bromohexane and 1-bromoundecane were obtained from Sigma-Aldrich (St. 
Louis, MO); dimethyl sulfoxide (DMSO) was from Fishier Scientific (Fair Lawn, NJ); 
complete medium (CM, Dulbecco’s modified Eagle’s medium (DMEM, Mediatech, Inc., 
Manassas, VA)); fresh deionized (DI) water (Milli-Q Nanopure, Thermo Scientific, 
Waltham, MA) was used throughout this study. 
2.2.Hydrophobic modification 
Low modified gellan gum (LMGG) was synthesized according to an established 
protocol mentioned in the above chapter. The obtained LMGG (200 mg) was dissolved in 20 
ml DMSO at 60℃ under constant stirring for 1 h to obtain a viscous, homogeneous solution. 
To this solution, either 4.55 𝜇L of 1-bromohexane (0.11 molar ratio to LMGG repeat units) 
or 8.22 𝜇L (0.125 molar ratio to LMGG repeat units) of 1-bromouhdecane was added. 
Potassium carbonate (10% w/w, 20mg) was dispersed in reaction mixture to enhance the 
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reaction. The reaction was maintained at 60℃ for 12 h and the product was obtained and 
purified by precipitation followed washing 5 times in 95% ethanol. The purified product was 
re-dissolved in DI-water and freeze-dried. The final product was a white, cotton-like 
materials and was stored in a desiccator, protected from light. Modified LMGG was labeled 
according to the molar ratio of hydrophobic modifier used in the reaction and the chain 
length of the modifier (H011-C6 and H0125-C11). 
2.3.Characterization of the modified gellan gum 
To quantify the percent modification of modified LMGG, NMR was used to 
characterize the polymers. The modified polymers (10 mg) were dissolved in 1 ml D2O. The 
1H-NMR spectra were recorded on a Bruker Avance III spectrometer with a sweep width of 
6602.1 Hz, a 90° pulse, and an acquisition time of 2.48s. All spectra were obtained at room 
temperature. A total of 16 repetitive scans with 64 points were acquired and the data were 
processed in MNova with 128k points, zero filling, and exponential line broadening of 1.0 
Hz. The methyl group of methacrylate group on LMGG was used as a reference (𝛿 = 1.95 
ppm). The degree of substitution (DS) was calculated by comparing integral area of methyl 
group peak at end of hydrophobic branch (𝛿 = 0.86 ppm) to reference peak and normalized to 
degree of methacrylate group substitution (0.45) using equation 1. 
DS=
𝐼𝑏𝑟𝑎𝑛𝑐ℎ 𝑚𝑒𝑡ℎ𝑦𝑙
𝐼𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒 𝑚𝑒𝑡ℎ𝑦𝑙
×0.45 (1) 
2.4.Hydrogel fabrication 
Hydrogels were fabricated with LMGG, H011-C6, and H0125-C11 and crosslinked 
using thiol-ene chemistry. Briefly, 10mg LMGG, H011-C6 or H0125-C11 was dissolved in 
DI water. To this homogeneous solution, 5 𝜇L Irgacure 2959 ethanol solution (20% wt) was 
added with a final 10% initiator concentration. 3.4𝜇L DTT water solution (10% wt) and 2 𝜇L 
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0.5 M calcium chloride were subsequently added. After gentle mixing of reagents, hydrogels 
were fabricated by putting mixture under UV (15 W, 365 nm, UVP, Upland, CA) light for 10 
min. 
2.5.Compression modulus 
The compressive modulus for each experimental condition was obtained through 
manual compression measurements. Obtained hydrogel pegs (n = 3) approximately 15  15  
6 mm3 were placed between two microscope slides and measured as weight was added. A 
stress-strain curve was created using distances between the microscope slides measured 
through Image J (NIH, Bethesda, MD). The linear regions of the curve under 5-15% strain 
were used to report the compressive moduli.  
2.6.Swelling 
The swelling ratio was measured for the hydrogels in DI water. Each experimental 
condition was tested at a concentration of 1% w/v modified gellan gum. The obtained 
hydrogels weighed ( ). The hydrogels were subsequently immersed in DI water until 
equilibrium was reached and weighed ( ). The wet swelling ratio ( ) was calculated using 
equation 2. 
 
 (2) 
2.7.Water contact angle 
Surface wettability was measured directly by dropping DI water onto hydrogel coated 
glass slides. The glass slides were coated with poly-L-lysine (PLL) to create a positively 
charged layer. Then, 50 𝜇L negatively charged hydrogel precursor solution was coated on the 
w0
ws S
S =
ws -w0
w0
´100%
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PLL coated glass slide and cured under UV irradiation. DI water (10 𝜇L) was dropped on 
each hydrogel sample (n = 5). The water contact angle was analyzed using Image J (NIH, 
Bethesda, MD). 
2.8.Cell culture 
RAW 264.7 cells (ATCC, Manassas, VA) were cultured in CM at 37°C in 5% CO2. 
Every three to five days the cells were passaged using a cell scraper to detach cells and 
subcultured at 6.7 × 103 to 2.7 × 104 cells/cm2  
2.9.Cell proliferation 
Cell proliferation of RAW 264.7 cells in contact with hydrogel substrates was 
quantified and visualized by live/dead assay. Briefly, to each well of 48-well plate coated 
with 200 𝜇L hydrogel, cells were seeded at 125,000 cells/cm2 and 250 𝜇L CM was added. 
Macrophages were activated with 25 ng/mL IL-4 (M (IL-4)), eBioscience Inc., San 
Diego,CA) or 500ng/mL LPS (M (LPS)), Sigma Aldrich, St. Louis, MO). Naïve cells were 
not activated. The plates were incubated for 48 h after which supernatant from the dead 
controls wre aspired and replaced with 70% ethanol for 20 min. To each well, 150 𝜇L of 
live/dead working solution (2 µM calcein AM (AnaSpec, Fremont, CA) and 7.5 µM 7-
aminoactinomycin D (Tonbo Biosciences, San Diego, CA) in PBS) was added. The plates 
were incubated for 30-40 min at 37℃. Live and dead cells were quantified using an 
excitation/emission of 485/590 nm and 528/645 nm, respectively, using a plate reader 
(BioTek Synergy HT Multidetection Microplate Rreader, BioTek, Winooski, VT). RAW 
264.7 cells were also fluorescently imaged using a Leica DM i8 microscope (Leica, Wetzlar, 
Germany) 
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2.10. Griess assay 
Nitrite production was measured as an M (LPS) indicator by using the supernatant 
collected from sample wells of 24-well plate after 48 h incubation. A nitrite standard curve 
was generated using a serial dilution of 100 𝜇M sodium nitrite with volume of 150 𝜇L in a 96 
well plate. Samples (150 𝜇L) were also added to the plate. To each well, 130 𝜇L DI water 
and 20 𝜇L Griess reagent (Acros Technologies) were added and the plate was incubated for 
20 min. The plate was read at 448 nm with 690 nm as a reference. 
2.11. Urea assay 
Arginase activity was measured as an M (IL-4) indicator through conversion of L-
arginine into urea. The cells obtained in the Griess assay were washed with 400 𝜇L PBS. The 
cells were then lysed by incubating at 4℃ for 10 min in 100 𝜇L cell lysis buffer (150 𝜇L 
protease inhibitor cocktail (Amresco, Solon, OH) and 15 𝜇L Triton X-100 (Acros Organics, 
Elgin, IL) diluted to 15 mL with DI water). The lysate solution (25 𝜇L) was transferred to a 
96 well plate along with 25 𝜇L of 10 mM MnCl2 (Fisher) and 50 mM Tris solution (Fisher). 
The plates were then incubated at 55℃ for 10 min to activate the enzymes. Next, 50 𝜇L of 1 
M arginine (pH=9.7) was added to each well and the plate was incubated at 37℃ for 20 h. To 
a new 96 well plate, 5 𝜇L of solution was transferred and a colorimetric response was 
obtained by adding 200 𝜇L mixture of solution 1 (1.2g o-phthaldiadehyde (Alfa Aesar, Ward 
Hill, MA), 1L H 2 O, and 500 µL HCl (Fisher)) and solution 2 (0.6 g N-(naphthyl) 
ethylenediamine dihydrochloride (Acros Organics) at a 1:2 ratio. The plates were read at 520 
nm with a reference at 630 nm. 
2.12. Statistics and data analysis 
Statistical analysis was performed using JMP statistical software. Statistical 
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significance of the mean comparisons was determined by a two-way ANOVA. Pair-wise 
comparisons were analyzed with Tukey’s honest significance difference test. Differences 
were considered statistically significant for p < 0.05. 
3. Results and discussion 
3.1.LMGG hydrophobic modification and characterization 
The hydrophobic modification of LMGG is schematically illustrated in Figure 9. The 
1H-NMR spectra of unmodified LMGG (Figure 9 top) and modified LMGG (Figure 9 
middle and bottom) were obtained at 25℃. All three spectra exhibited a methyl peak from 
the methacrylate group on LMGG (𝛿 = 1.95 ppm) and a methyl peak from the LMGG 
rhamnose structural unit (𝛿 = 1.3 ppm). Since the methyl peak on the LMGG rhamnose 
structural unit was overlapping with the peaks arising from the hydrophobic modifiers, the 
methyl peak from the methacrylate group was used as a reference. The degree of 1-
bromohexane and 1-bromoundecane substitution (DS) was calculate by comparing the 
integrated peak area from the methyl peak at the terminus of the hydrophobic modifier to the 
methyl peak arising from methacrylate group on LMGG. This was normalized to the degree 
of methacrylate group substitution, which was 0.45 in this study. The DS of 1-bromohexane 
and 1-bromoundecane are equivalent with ~0.045 hydrophobic modifiers attached to each 
LMGG repeating unit.  
Similar degrees of substitution were achieved by controlling the molar ratio of the 
modifiers with respect to the LMGG repeating units. In this study, a lower molar ratio of 1-
bromohexane (0.11) was required to yield same substitution as 1-bromoundecane (0.125). 
This is attributed to effect of molecular size on reactivity. As previously reported, increasing 
molecular size decreases reactivity.176  
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Figure 9. Schematic illustration of the synthesis and characterization of hydrophobic 
modified LMGG. 1H-NMR of LMGG (top), H011-C6 (middle), and H0125-C11(bottom) 
3.2.Compression modulus  
The compression moduli of the hydrogels fabricated here were obtained by analyzing 
the stress-strain curve in the 5%-10% strain region. Unmodified LMGG served as a 
comparison. The step growth half molar thiol-ene ratio from chapter 2 (gel3) was chosen for 
this study due to its ease of fabrication. As illustrated in Figure 10, all the hydrogels studied 
here have statistically similar compression moduli. The unmodified LMGG was 9.6 ± 0.73 
kPa. Gels fabricated from 1-bromohexane and 1-bromoundecane were very similar 
(9.6±0.68 and 9.4±0.74 kPa, respectively).  
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Figure 10. Mechanical properties of LMGG and modified LMGG hydrogels. Data represents 
the mean±SD (standard deviation). n=5.Statistical analysis through two-way ANOVA and 
Tukey's HSD post-hoc test. 
Several studies have reported that substrate stiffness has a significant influence on 
macrophage proliferation and activation.177–179 Macrophages were found to preferentially 
locate on stiff areas of PEGDA hydrogels with patterned elasticity.177 In another study, 
macrophage morphology was found be influenced by substrates. The shape of macrophages 
changed from round to flattened when the substrate stiffness increased from 0.1 kPa to 3 
MPa.178 This trend was also observed when modulus of substrate increased from 130 kPa to 
240 kPa.179 The same study also found that LPS activation of macrophage was significantly 
reduced on soft hydrogels.179 Since the aim of this study is to investigate how substrate 
wettability affects macrophage proliferation and polarization, we aimed to fabricate LMGG 
and modified LMGG hydrogels with similar stiffness. 
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Hydrogel stiffness was affect by two factors in this study: chemical crosslinking 
density and intermolecular interactions. Since the concentration of the functional groups 
remains unchanged for all LMGG and hydrophobic modified LMGG hydrogels, the 
hydrophobic modification could be influential on intermolecular interactions. A study on 
branched chitosan hydrogels showed that hydrogen bonds were disrupted when hydroxyl and 
amino groups were substituted, causing a reduction in intermolecular interactions.78 In order 
to have similar compressive moduli for all hydrogels studied here, the degree of substitution 
of hydrophobic modifier was kept low. 
3.3.Swelling of hydrogels 
The wet swelling ratio was measured in DI water as an indirect method to ascertain 
crosslinking density and the intrinsic hydrophobicity of hydrogel material. The swelling ratio 
of the unmodified hydrogel was 2.67±0.087. The swelling ratios of of the hydrophobic 
modified LMGG decreased significantly. Gel3-H011-C6 had a swelling ratio 1.50±0.056 
and gel3-H0125-C11 was even lower at 1.45±0.019 (Figure 11). Crosslinking density is a 
factor that can alter hydrogel swelling if the same polymer is used. However, hydrophobic 
modifications alter the properties of polymer forming the network. Thus, the swelling ratio of 
the modified hydrogels decreased for two reasons. First, substitution of hydrophobic 
modifiers reduces the amount of hydroxyl groups available to form hydrogen bonds, which 
decreases the amount of water associated with the hydrogel.180 Second, the increasing 
hydrophobicity of the network decreases its ability to take up water.181 Since macrophages 
will be seeded on the surface of the hydrogels, the bulk swelling ratio may not reflect surface 
wettability directly. The water contact angle was subsequently measured. 
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Figure 11. Swelling behavior of LMGG and modified LMGG hydrogels. Data represents the 
mean±SD (standard deviation). n=5.Statistical analysis through two-way ANOVA and 
Tukey's HSD post-hoc test. * p<0.05, n.s. no statistical difference 
3.4.Water contact angle 
The wettability of the hydrogels was measured using water contact angles (Figure 
12). Unmodified LMGG was relatively hydrophilic (37.3±1.3°). As was expected, the 
hydrophobically modified hydrogels had an increased water contact angle. Gel3-H011-C6 
was 58.6±1.1° and gel3-H0125-C11 was 69.2±2.3°. 
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Figure 12. Water contact angle measurement of LMGG and modified LMGG hydrogels. Data 
represents the mean±SD (standard deviation). n=5.Statistical analysis through two-way 
ANOVA and Tukey's HSD post-hoc test. * p<0.05 
Hydrophobic branches with either 6 or 11 carbons will collapse and form a 
hydrophobic phase in the hydrated state. We hypothesized that the reduction in wettability o 
the hydrogels were caused by two factors. First, the hydrophobicity of the hydrogel network 
was increased by attaching hydrophobic modifiers, which reduced the amount of hydroxyl 
groups able to associate with water.180 Second, phase segregation induced by the 
hydrophobic branch and hydrophilic LMGG might alter surface topology by increasing 
surface roughness.88 As reported previously, water repellency on rough surfaces may be 
attributed to a Wenzel wetting state in which water droplets pin the surface in a wet-contact 
mode, or Cassie-Baxter wetting state in which open air pockets form between the water 
droplet and the surface. An intermediate wetting state between the Wenzel and Cassie-Baxter 
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states is also possible.182–184 However, in this study more experiments are needed to elucidate 
the mechanism responsible for changing the water contact angle. 
3.5.Cell proliferation  
Naïve, M(IL-4), and M(LPS) macrophages were seeded on the three hydrogels 
fabricated here. Quantitative macrophage proliferation on hydrogels was obtained by 
comparing the live signal on the hydrogels to the live signal on tissue culture plastic (TCP) 
control. Macrophages of all phenotypes proliferated more on the hydrophobic LMGG 
hydrogels (Figure 13). Specifically, the naïve macrophage proliferation on gel 3 was 31±2% 
and remained unchanged on gel3-H011-C6 (30±2%) but increased significantly on gel3-
H0125-C11 (35±1%). This increase in macrophage proliferation was more obvious for 
M(LPS) cells, which increased from 28±2% to 33±2%, and was able to reach 42±3% on 
gel3-H0125-C11. The same trend was observed for M(IL-4) cells, which increased from 
19±3% to 25±2% on gel3-H011-C6 and 34±3% on gel3-H0125-C11. Fluorescent images 
(Figure 14) of cell density and spreading on the hydrogel surface are in line with these 
findings. 
Macrophage attachment on substrates is influenced by multiple factors. Several 
studies have revealed that substrate wettability and topology could effectively modulate cell 
attachment and proliferation.173,175,185 Macrophages were found to have a strong preference to 
reside on more hydrophobic and more roughened substrates than hydrophilic, smooth 
surfaces.173 Directional locomotion of macrophage stimulated by hydrophobic surfaces was a 
possible explanation for this observation, however, a more detailed mechanism is necessary 
to fully answer this question.173 In addition, cell proliferation might not be influenced by the 
cell-substrate interaction solely. Protein adsorption is believed to be another factor that 
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regulates cell adhesion.186 The type, quantity, and conformation of adsorbed proteins depends 
upon surface chemistry and can affect cell adhesion behavior.175 As suggested by several 
previous studies, maximal fibronectin adsorption was found on moderately wettable 
substrates,187 while albumin exhibited an growing adsorption trend when substrate contact 
angle increased up to 80°.186 In our case, increased serum protein adsorption, such as albumin 
and fibronectin present in cell culture media, might contribute to the phenomena we 
observed. 
 
 
Figure 13. Cell proliferation of macrophages seeded on hydrogels. Data represents the 
mean±SD (standard deviation). n=5. Statistical analysis through two-way ANOVA and 
Tukey's HSD post-hoc test. p<0.05 (*: gel3-H0125-C11 vs. gel3, @: gel3-H0125-C11 vs. gel3-
H011-C6 and &: gel3-H011-C6 vs. gel3) 
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Figure 14. Representative stitched fluorescent images of live (green) and dead (red) 
macrophage cells growth and proliferation on hydrogels after 48 h culture 
3.6.Cell polarization 
Nitrite production evaluated by a Griess assay and was used as a marker of M1 
phenotype (Figure 15A). Generally, nitrite production from M(LPS) cells seeded on 
hydrogels increased with increasing substrate hydrophobicity and ranged from 0.82±0.04 
mol/L on unmodified gel 3 to 2.1±0.078 mol/L on gel3-H0125-C11. The production of 
nitrite from M (LPS) on gel3-H011-C6 was 1.8±0.025 mol/L, significantly higher than on 
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gel3 but lower than on gel3-H011-C11. Nitrites produced from M(0) and M(IL-4) on all 
three hydrogels showed no significant differences and were 0.44-0.62 mol/L.  
Arginase activity, a marker of M2 macrophages, was quantified by a urea assay 
(Figure 15B). Arginase activity for M(IL-4) cells increased with increasing hydrophobicity. 
M(IL-4) cells had the lowest arginase activity on gel3 (54.8±8.1 mg/dl) and was higher on 
gel3-H011-C6 (66.6±6.2 mg/dl), although not significantly higher. Arginase activity for 
M(IL-4) cells was highest on gel3-H0125-C11 though not significantly different when 
compared to M(IL-4) cells seeded on gel3-H011-C6. M(0) and M(IL-4) cells had low 
arginase activity on all gels and were not significant different for any of the cells gels. 
(~10mg/dl from M(0) and ~15mg/dl from M(LPS), respectively). Since both arginase and 
inducible nitrite oxide synthase (iNOS) compete for arginine secreted by macrophage as a 
precursor, urea: nitrites ratios are commonly used as a functional readout in approximating 
the M1/M2 polarization170 (Figure 15C). Here, we use the ratio between urea and nitrite to 
approximate the urea: nitrite rations. The ratio between M(IL-4) urea and nitrite production 
was expressed as mg/mol and decreased with increased surface hydrophobicity. 
Specifically, arginase: iNOS for M(IL-4) on gel 3 was1673±137 mg/mol and maintain a 
similar level on gel 3-H011-C6 (1569±214 mg/mol), but decreased significantly on gel 3-
H0125-C11 (1186±188 mg/mol). The arginase: iNOS ratio for M(0) and M(LPS) cells on 
all three gels fell in range of 243±57– 149±24 mg/mol and 189±18– 69±17 mg/mol, 
respectively. 
Increased arginase activity is associated with pro-angiogenesis.170 On the other hand, 
nitrites are the stable form of NO and result from increased levels of iNOS. High iNOS levels 
indicates a M1 phenotype and pro-inflammatory immune response.170 Both enzymes compete 
70 
 
 
for arginine as a precursor.188 M1 macrophages use iNOS to breakdown arginine into reactive 
nitrogen intermediates (RNI) which further produce NO to kill microbes.189 M2 macrophages 
use arginase to convert arginine into ornithine and polyamines, which are important in 
collagen metabolism.170 The ratio of urea to nitrites was used to reflect the extent of 
macrophage activation in either direction.190 Our data showed a decrease in urea:nitrite for all 
macrophage phenotypes with increasing substrate hydrophobicity. This suggests that 
hydrophobicity dampens the pro-angiogenic response and may be useful in applications 
where a pro-inflammatory response is crucial.190 One of such application is at the early stage 
of the wound healing process where monocytes are recruited to the wound site and 
differentiate to macrophages. These macrophages are first activated toward the M1 
phenotype and initiate inflammation to kill bacteria.168–170,172 A decreased inflammatory 
response could negatively affect the host’s ability to fight off infection and could influence 
the generation of de novo tissue.172 However, continued classical activation of macrophages 
can lead to chronic inflammation and result in the breakdown of healthy tissue surrounding 
the injury site.172 Therefore, balancing macrophage phenotypes is extremely important in 
designing wound dressings. 
Our results agree with several previous studies which also observed that increased 
wettability resulted in increased anti-inflammatory cytokine compared to hydrophobic 
substrates.172,191,192 One group indicated that wettability has a stronger immunomodulatory 
effect than surface roughness.172 However, these studies used titanium surfaces, which are 
much stiffer than our susbtrates. 
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Figure 15. Cytokine secretion of macrophages cultured on hydrogels. (A) Nitrates secreted by 
naïve, LPS and IL-4 activated macrophages seeded on LMGG and modified LMGG hydrogels, 
(B) Urea production of naïve, LPS and IL-4 activated macrophages seeded on LMGG and 
modified LMGG hydrogels, (C) urea: nitrite ratios for all macrophage phenotypes seeded on 
LMGG and modified LMGG hydrogels. Data represents the mean±SD (standard deviation). 
n=5.Statistical analysis through two-way ANOVA and Tukey's HSD post-hoc test. p<0.05 (*: 
gel3-H0125-C11 vs. gel3, @: gel3-H0125-C11 vs. gel3-H011-C6 and &: gel3-H011-C6 vs. 
gel3) 
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4. Conclusion 
In this study, we provide a strategy to modify the wettability of LMGG gels. The 
physical properties of the hydrogels, including compression modulus, swelling ratio, and 
water contact angle, were measured and compared to the unmodified LMGG. M(LPS), 
M(IL-4), and M(0) macrophages were seeded on these hydrogels. The macrophages 
exhibited increasing cell proliferation with decreasing surface wettability. Macrophage 
activation was altered by the hydrogel substrates with increased nitrite secreted on more 
hydrophobic substrates. This work as a whole presents a novel approach to regulate 
macrophage responses through changing hydrogel wettability and offers a new design 
principle in fabricating hydrogel wound dressings. 
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